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Sommaire 

Nous avons r6alist des couches minces de diamant polycristallin par une 

mkthode faisant appel H la chimie en phase gazeuse dam un plasma. Le plasma 

est cr6C par le champ micro-onde d'une onde de surface PlectromagnCtique utilisk 

dam une configuration non conventionnelle. Le reacteur H plasma ainsi obtenu 

possPde des proprietb supirieures & celles des rCacteurs micro-onde les plus 

courants. 

L'Ptude paramitrique du reacteur a en effet montrP que le flux micro-onde 

est totalement absorb6 par le plasma, ce qui permet un ajustement independant 

et avec une distribution uniforme de la temperature du porte-substrat: i l  est 

egalement possible d'at teindre des densitb volurniques de puissance absorb& 

triis elevees; enfin le r4glage de la distance du substrat au piasma seffectue de 

facon fine et reproductible. 

Nous avons en recours B de nombreux moyens de diagnostic pour caractPriser. 

pendant la phase initiale de nuclkation et pendant le processus ultPrieur de dCp6t. 

la contamination de la couche de diamant par le Si du subst rat et par celui drs 

parois du r6acteur. 

Nous avons examin6 i'influence de l'orientation des plans cristallins du su- 

bstrat de silicium sur la densit6 de nucliation, sur Ia taille des cristaux et sur 

la rugosite moyenne de la surface du dip& diamant. Ceci nous a perrnis de 

mieux cornprendre les rnkcanismes influant sur l'adherence de la couche mince nu 

substrat. 

Enfin, nous nous sommes penches sur les m6canismes permettant d'obtenir 

les rugositOs moyennes les plus faibles possible. Ainsi, nous avons mis au point 

diverses techniques de prgparation du subst rat avant dCpBt. Nous avons aussi 



montr6 qte la diminution de la taille des grains de la pondre de diamat rutilisCe 

dam le prkttraitement et l'accroisement de la densit6 de puissance absorb4e dans 

le plasma conduisaient L m e  augmentation de la densitd de nntcl4ation et h une 

d6croissance de la taille des cristau et en cons6quence. B une reduction de la 

mgosit8 moyenne. 

plasma micro-onde. 

face. densite de nt~cleation, n1gosit6, adh6rence. 
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Chapter 1 

Introduction ggn6rale 

Parmi tous les solides cristallins, le diamant occupe une place particuliGre. Son nom 

est derivk du grec aSapa~. acier le plus dur. diamant: l'adjectif correspondant signifie 

inebranlable. inflexible. 

Des 1772. le franqais Antoine Lavoisier avait mis en Pvidence le comportement similaire 

du diamant et du charbon b la combustion [I]. Ses experiences consistaient L dissoudre 

les gaz de combustion dans du lait de chaux qui. dans les deux cas. provoquaient la 

precipitation de carbonate de calcium. 11 classa ces matPriaux dans la famille cles corps 

inflammables. Ce n'est qu'en 1797 que S. Tennant etablit que le dianiant correspond a une 

forme allotrope du carbone au m6me titre que le graphite [I]. I1 arriva a cette conclusion 

en constatant que la m6me masse de charbon et de diamant conduisait exactement a 

la mPme quantitP de carbonate de calcium. Cette dkouverte a orient6 par la suite cle 

nornbreuses etudes dans le but de rgaliser la synthke du diamant en laboratoire. 

Parrni les nombreux chercheurs prCtendant avoir r6ussi cet te synt hke .  les plus connus 

sont J. B. Hannay (21 en 1830 et H. Moissan [3] en 1594. Les expkriences de J. B. Hannay 

ont consist6 chauffer au rouge de l'huile de paraffine (carbure d'hj-drogene satur6) en- 

ferm6e dam des tubes scellk en prbence de lithium. La plupart de ces tubes ont esplose 

ou fui. mais quelques-uns ont resist4 et les substances qu'ils renfermaient htaient selon lui  

du diamant. Cependant, en 1959, K. Lonsdale emit l'hypothl.se, ensuite confirm& en 1975 

par .A. T. Collins & l'aide de cathodoluminescence, que les differentes pierres de Hannay 

comportaient du diamant mais n'avaient pas toutes la meme origine [4]. H. kIoissan avait 

prevu pour sa part de rPaliser ses expCriences B des pressions kIev6es. Pour cela. i l  ad- 

joignit de la fonte (parfois de l'argent) H d~ charbon fossile et le porta B des temperatures 
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t rgs elevees. Comme la fonte dissout plus de carbone L haute tempPrat we. les p rk ip i tk  

de cet CMment, forrn6s et cornprimes lors d'un brusque refroidissement. devaient selon lui 

conduire a la formation de diamant. Les particules obtenues a p r k  dissolution de la fonte 

dans des acides furent considir6es cornme du diamant. Malheureusement, ces khan t  illons 

n'ont pas &ti conservQ et ils n'ont donc jamais pu i t re  authentifies. 

On a par la suite pens6 utiliser des trks hautes pressions pour obtenir une phase plus 

dense du carbone. La comprChension de la thermodynamique chimique de ce procedP en 

fonction du domaine de pression et de temperature n'a tit6 developpk qu'aux lgem' et 

'LOerne siecles. Ce n'est qu'en 1955 que ['on fait &at de faqon non ambiguP de la synthke 

de diamant par cette metbode avec le d6p8t d'un brevet par la compagnie General Electric 

[ 5 ] .  C'et te synthlve s'effectue dam les conditions de stabilitP de la phase dianlant (et dr 

mPtastabilite du graphite) sous des pressions statiques de 1.5 GPa et i des ternpirat ures 

de l'ordre de 1500 "C. Cette transformation se fait en presence de plusieurs catalj-seurs. 

tels que le fer ou le nickel. qui jouent le r61e de solvant pour le carbone. Celui-ci diffuse 

et prkipite ensuite sous la forme diamant dans une zone de plus faible pression (inho- 

mogeneite de la compression) ou lors d'une IlgPre dPtente. Ce proc6d6. qui au depart ne 

perrnet tait que de rPaliser des poudres contenant une quant it6 important e d'impuretis. 

a PtP affine par la suite. notammeat par le choix des catalyseurs. le contrde precis des 

champs de pression et de tempkrature et par la gtiomtit,rie de compression. C'es techniques. 

regroupks sous le terme ggndrique de haute pression haute temperature ( HPHT ). permet - 

tent de nos jours la realisation avec une bonne puretk de cristaus de taille microscopique. 

Ce terme regroupe Pgalement des techniques de compression par ondes de chocs a l'aide 

d'explosions qui conduisent &dement a la rCalisation de composb diamantis. 

La possibilitk de former du diarnant dans des conditions mhstables  fut h i s e  pour 

la premibre fois en 1911 par W. van Bolton [6]. Cependant I'btude plus approfondie de ce 

principe de d@t ne cornrnenqa que dam les annkes 1950 avec les travaux de Eversole chez 

General Electric [TI, auquel fut attribu6e I'invention de la croissance de diamant sur des 

poudres par d6composition thermique d'hydrocarbures. Du diamant Ptait alors dPpos6 en 

nkme temps que du graphite. et dam une seconde &ape du processus. le graphite Ptait 

regazei fie dans une atmosphere hydrogen&, un cycle dkp6t-gravure &ant donc nkessaire B 

I'obtention de la croissance de diamant. Ces expiriences ne pern~ettaient qu'une croissance 
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d'environ 0.1 pn/jour. ce qui n'avait pas convaincu les financiers am6ricains it l06poque. 

En m6me temps. l06quipe du professeur B. V. Derjaguin en  CRSS poursuivait de nonlbreux 

essais de synthkse de diamant par diffkrentes techniques [8]. Au cours des ann&s 60 et 

70. ce fut pratiquement la seule kquipe B travailler sur le sujet avec J. C. Angus [9] aux 

Etats-his .  L'kquipe russe a ainsi mis en evidence le r6le de l'hydrogkne atomique dans 

la gravure selective du carbone de lien d'hybridation sp2. 

La synth&se de couches polycristallines de diamant par plasma fut d'abord propost% 

par les sovititiques [lo] suivant une technique non precis& & l'kpoque mais utilisant des 

proportions importantes d'hydrogkne atomique dans la ddcharge. Par la suite. seuls les 

japonais crurent rkllement aux r6sultats annonces et lanckrent d b  le dCbut des annees 

SO un important programme dans ce domaine. en particulier avec Matsumoto en  L9S2 

[Ill. En 1982 et 1983. cette 6quipe. dont Ies principaux chercheurs sont S. .\latsumoto. 

M. Kamo et 1'. Sato. a publiP plusieurs articles sur la synthgse du diamant par plasma 

micro-onde [I%. 131 ou par dPcomposit ion therrnique h l'aide d'un filament chaud [14.l.j]. 

La porte etait alors ouverte H la synthbe de couches diamant sur substrats pour cles 

applications tant dam le domaine des outils de coupe que dam celui de l'optique et de 

I'ilect ronique du fait des propriktds multiples du diamant . 
Les diff6rents procddks de synthkse de couches diamant sont g6niralement class6 en 

fonction de la pression dans l'enceinte rkactive. A part les trbs basses pressions. par 

exemple 5 mtorr, utilisPes surtout en recherche, les pressions de travail sont soit comprises 

entre 1 et 300 torr (pressions dites rkduites), soit voisines de la pression atmospherique. 

Les techniques a pressions rkduites conduisent B une assez bonne uniformiti et a une 

grande puret6 des couches; les vitesses de croissance de ces films sont comprises entre 0.5 

b .j pm/ heure. Les techniques d6veloppkes a la pression at mospherique sont avantageuses 

du point de vue de la vitesses de croissance (100 & 930 yrnlheure pour un film [16,li']) 

niais la faible purett! et la non uniformit4 des couches en limitent l'utilisation. 

De nombreuses techniques de dCp6t diamant ont Ct6 mises au point mais elks 

necessi tent toutes L'obtention d'une dissociation efficace de H2 en H monoat omique. Les 

techniques d'activation les plus utilisks sont principalement le plasma micro-onde [12.lSj 

et le filament chaud [19]; nous citerons galement celles utilisant un chalumeau [-XI] et une 

torche H plasma [21,22]. 
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La quasi totalit6 des etudes exp6rimentales de dep6t diarnant par chimie en phase 

gazeuse (CPG) assist& par plasma micro-onde a 6t6 effect& soit dans une cavit6 

rksonnante dont le mode est tel que l'intensitk rnaximale du  champ dlectrique se trouve 

sur l'axe du tube [23], soit dam un systkme constituC d'une cloche en silice vitreuse au 

t ravers de laquelle passe I'onde dlectromagnCt ique ent retenant la ddcharge [I '71. Ces deux 

techniques ut ilisent les propriitb d'une onde stationnaire. 

Ces contingences gComdtriques et les dimensions limitkes qui en decoulent ne sont g d r e  

compatibles avec une exploitation industrielle d'un procCde de dCp6t. Pour nous lib6rer 

de ces contraintes et aussi tenter de rgsoudre certains autres problkmes. nous avons conqu 

et caracterisi un nouveau type de dkharge micro-onde. Ce nouveau rCacteur permet 

d'obtenir des couches de trPs grande puretk awc une taille de grains de I'ordre de quelques 

nanomktres seulement si on le souhaite et des ritesses de croissance supPrieures B celles 

des rCacteurs H cavite rbonnante; un avantage t r b  important de notre systPme est de 

permettre le d6couplage de la temperature du porte-substrat de la puissance micro-onde 

incidente. B l'inverse des systimes B cavitk rbsonnante oii trLs souvent le porte-su bst rat 

est m6me utilist! comme plan rkflecteur des micro-ondes. Ce nouveau r6acteur fonct ionne 

grBce aux propriPtes des ondes de surface. Une onde ClectromagnPtique de surface peut 

se propager en Ctant guidk par ['interface entre la colonne de plasma et le material1 

didectrique qui l'entoure. Ce ph6noml.ne a i t 6  decouvert dam les annees 60 ['2] mais 

son utilisation pour entretenir des colonnes de plasma est plus ricent [%I. Nous allons 

revenir sur cet te question B la sect ion 1.3. 

Afin de situer notre travail. nous allons maintenant rappeler les differentes forrnes 

allot ropes du carbone. les propriet4s et applications du diamant et les caract Prist iques des 

ondes de surface. 

1.1 Les diff6rentes formes allotropes du carbone 

Le carbone peut se cristdliser sous diff6rentes formes, & savoir le diamant. la LonsdalPite. 

le graphite, le carbone microcristaliin mais aussi se retrouver sous une forme amorphe. 

Nous allons d k i r e  brikvement chacune de ces formes r26.17]. 
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1.1.1 Diamant 

Le diamant est une phase t hermodynarniquement mktastable a l'ambian te: il corres- 

pond B une hybridation sp3, ordonnk dam un rPseau CFC (cubique B faces centr4es) 

dont quatre sites t6traPdriques sont occup6s. La sym6trie spatiale de la liaison sp3 ainsi 

que la rigidit6 de la liaison (83 kcd mol-I) en font un matCriau ultra-dur dont La duretP 

Vickers est estimee h 10.000 kg le tableau 1 montre qu'il s'agit du corps le plus 

dur existant. La constante de r6seau est de 3.56 A et la longueur de liaison de 1.34 La 

signature Raman du diamant a forme cubique est donnee pax un pic & 1332 cm-I pour le 

carbone 12 et B 1284 cm-' pour le carbone 13. 

Tableau 1. Cornparaison des d u e t &  Vickers d'un ensemble de materiaux durs. 

Mat 6riau I Durete Vickers (Kg mm-I) (298 11) 
Diamant I 3. TOO- 10 -400 

I Carbone adamantin I 6.200 I 

La Lonsdaleite possede La forme hexagonale de l'hybridation sp3 du diamant et 

l'orientation spatiale de ses plans cristallins est (111). Cependant alors que le diamant 

(111 )  est caracterise par des plans inclin& les uns par rapport aux autres. la LonsdalPite 

donne lieu B un empilement de plans ( I l l )  quasi paralldes (mais lies entre eus): elle a 

kt4 trouvbe dans certaines m6t8orites. Sa densite est identique B celle du diarnant. Ce 

matiriau conduit B un pic Raman & 1315 - 1325 cm-l. 

1.1.3 Graphite 

Le graphite est la forme cristallis6e stable du carbone dans les conditions normales 
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de pression et de temperature: il correspond i une hybridation sp2 dont les liaisons sont 

coplanaires. I1 est cornpod de feuillets d'atomes Lies de faqon covalente. ces feuillet s Pt ant 

relies entre eux par des forces de type Van der Waals. Cette structure a une densit6 

thkorique de 2.27. La signature Raman s'exprime par un pic b 1580 cm-'. 

1.1.4 Carbone microcristallin 

Cette lorme vient d'un diamant synthktique de petite taille (liaisons sp3 dans un micro 

volume). en liaison sp2 aux joints de grain avec d'autres micro-cristaux semblables. I'n 

tel mat Priau est caracterisP par une signature Raman centr6e i 11335 cm-'- 

1.1.5 Carbone amorphe 

I1 existe diff6rents types de phases amorphes du carbone suivant la proport ion d'atomes 

en hybridation sp3 et sp2 et. suivant leur arrangement k courte distance. Par ailleurs. ces 

phases peuvent le cas tichiant contenir une quantite variable d'hydrogene. engendrant 

diffPrentes familles de compos6s. Nemanich et a1 [28] ont montre que leur signature 

Raman donne lieu B un pic B 1140 cm-' pour la partie du carbone amorphe en liaison sp3 

alors que Le pic Raman B 1500 cm-' provient des liaisons spL. 

1.1.6 Carbone adamant in 

Aussi appelP quasi-diamant ( en angfais Diamond-L ike Carbon - DL C). ce mat Priau 

est caracterisk en Raman par une seule bande asymktrique vers 1500 cm-l. bande qui 

n'est pas assignke H une phase precise. Elle ne peut itre a t t r ibuh B une phase amorphe 

de carbone sp2 car son bnergie de vibration est supkrieure B celle du diamant et inf4rieure 

H celle du graphite. 

Le carbone adamantin est un compose de grande due t6  et stable en temperature 

jusqu'a 300-350°C environ. dont la concentration en hydrogene est inferieure B 1%. et la 

densit6 proche de celle du  diamant. Il prisente une bande interdite de l'ordre de 3eV. 

semblant issu d'une configuration de sites sp3. Ceci serait dd au fort bornbardement 
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ionique (pendant le dipdt) induisant une densification importante de la couche et une 

grande duretk. 

1.2 Propri6t6s et applications du diamant 

Les applications des films diamant peuvent P t  re classies en quat re grandes cat igories 

suivant la propriitP particulibre dont elles dkoulent. ce qui donne: 

1. les applications mkniques ,  

2. les applications optiques, 

3. Ies applications Clect roniques. 

4. les applications biologiques. 

Yous allons maintenant considkrer brihement chacune de ces applications. 

1.2.1 Applications mkaniques 

Le diamarit est caractdrisP par une conductivitP thermique cinq fois plus grande que 

celle de l'argent (20 W/cm B 30" C).  une contrainte ir la rupture relativement forte variant 

entre 3.44 x 10' et  9.65 x 1OL0Pa; son coefficient de frottement. qk. qui depend de la 

nature de la face cristalline consid&&, est faible et se situe autour de 0.2 en moyenne. Ce 

frottement depend de la temp6rature et de la teneur en air adsorb&. Ainsi. B lO%rr. pour 

des tempPratures allant de 300 jusqu'b 850°C. la friction augmente de faqon monotone 

jusqu'8 qk  = 0.7 et reste constante par la suite: apris refroidissement. I ] L  diminue jusqu'8 

sa valeur initiale. 

Les couches minces de diamant posskdent genbralement des propriPtes voisines de 

celles du diamant monobloc; ainsi leur conductibilitC thermique peu t meme at teindre celle 

du diamant monobloc suivant la nature des joints de grain. Cette haute conductibilitP 

thermique, associee i uue grande durett et B une grande rgsistance chimique. semble 

particulikrement approprike, par exernple, B la protection et au bon fonctionnement des 

thermocouples en milieu chimiquement et mkaniquement hostile. Ces couches peuvent 

ggalement P t  re u t i l i s h  en protection tribologique dam des structures soumises a l'usure. 
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comme c'est le cas par exemple d'6lPments en forme de pointe. Par rapport au carbure de 

tit ane. d6ji t r6s bon mkaniquement . les couches diamant presentent des caract Prist iques 

supCrieures de friction et d'usure. D'autres paramitres sont 4galement B prendre e n  

compte sur le plan des propriktds mkcaniques, telles que la rugositk de la surface, la qualit6 

du d6p6t obtenu (sph&ulitique ou bien cristallid), i n s i  que l'adhkence de la couche 

au substrat. Ces diverses propriktb conf&rent aux couches de diamant une potent iali t P  

d'applications dam plusieurs industries, en particulier dans celle de I'automobile. 

Les progrks &cents concernant l'obtention de couches diamant de granulom6trie tres  

faible. ainsi que les post-traitements en plasma d'oxyghe capables de graver ces couches de 

telle sorte B les rendre lisses. sont aussi des atouts pour certaines applications m6caniques 

(prot hkes medicales. r6sisistance B l'usure des tPtes de boites de vitesses en automobile ou 

autre). La possibilitP d'accroitre B volontC la taille des grains et la rugositP moj-enne de 

ces surfaces interesse haut plus au point l'industrie des outils de coupe et de forage ['29]. 

1.2.2 Applications opt iques 

Les propri6tes optiques du diamant sont tigalement importantes du  point de w e  in- 

dustriel. La plupart des diarnants naturels ont une raie d'absorption B S pm mais celle-ci 

est probablement due b la prCsence d'hydrogkne [30]. I1 esiste de facon @nPrale une 

absorption infrarouge due B la crCation de phonons qui se situe entre 1600 et 2500 erneL 

(6.7pm et 4.2 pm) [31.3%]. Enfin. une des plus remarquables propriitPs du  diamant est 

l'kergie de sa b a d e  interdite: 5.45 eV. Ceci signifie qu'aucune absorption par transition 

electronique entre la bande de valence et la bande de conduction ne peut avoir lieu b des 

energies infCrieures B 5.45 eV, i.e. B des longueurs d'ondes supbrieures & environ 245 nm. 

En r6sum6, le diamant pur serait donc transparent: 

0 dam le proche UV (tout le dornaine de longueurs d'onde compris entre 24s nm et 

400 nm): 

0 dans le visible et 

dans l'IR, sauf dans la bande d'absorption comprise entre 4.2 et 6.7 pm. 
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La prgsence d'impuret Ps modifie cependant ces propriCt6s. faisant notarnrnent ap- 

paraitre des bandes d'absorption dam la r6gion IR. Les diamants peuvent Pt re dopb  par 

le bore (B) qui introduit un niveau accepteur, domant me couleur bleue au diamant, ou 

par 1 hzote (N) ,  dement donneur qui leur co&ere m e  couleur jaune [32]. Une classification 

en fonction du degr6 de puretP du diamant nature1 a kt6 itablie: les moins purs (soit 98% 

de ce qui est extrait des mines) sont des diamants de type I gui peuvent contenir jusqu'i 

0.1% d'azote et ont une absorption suppldmentaire dans le domaine de I'IR (6-13 pnj ) 

ainsi que dans 1'LW pour des Longueurs d'onde inf6rieures & 300 nm. Les plus purs sont 

les diamants de type II qui n'absorbent qu'aux longueurs d'ondes inf6rieures B 24s nm 

[33]. Les couches diamant synth&is&s par plasma en phase gazeuse et non dopCes B 

I'azote ou au  bore. grdce B un indice de rkfraction relativement important et sans pertes 

dans le visible. constituent un matCriau i d b l  pour la protection d'6Mments optiques dans 

le visible et comme guide d'onde dans ce mPrne domaine. Ce type de diamant est ut ilk- 

able en optoPlectronique 8, condition que la couche soit ou bien rnonocristailine ou hien 

aanocristalline (de faqon B Pviter la diffusion de lumikre aux joints de grain). On peut aussi 

s'en serrir cornme mono-couche ant ir&chissante dans le dornaine IR pour les dht ecteurs 

en Si. 

Les applications op tiques des diamants synth6tiques obtentts par la in& hode H P H T  

ne paraissaient pas trks viables ir cause de leur prix de fabrication trks elev6. Par con- 

tre. loapparition des techniques de chirnie en phase gazeuse assist&s par une dCcharq 

ilectrique ou par d'autres moyens perrnet d'envisager un d6veloppement economique im- 

portant de ce secteur. Dans ces applications optiques. on est non seulement intPressC par 

les propriCt6s de transparence au rayonnernent ilect romagntit ique du diamant . mais aussi 

par sa haute conductibilitP therrnique (cependant tr&s sensible aux variations de riseau 

et donc aux impuretes telles que iV), par son faible coefficient de dilatation (10-6/0C) et 

par sa forte resistance aux chocs thermiques (10'Wlm) ainsi que par sa grande duretP. 

L'utilisation des films diamant comme revetement tribologique sur des rnatiriaux op- 

tiques trbs ductiles en infra-rouge, pour les fenetres par rayons-X et pour la lithographie 

par rayons-)< forme autant de sujets d'btude importants. La tailfe des grains et la mor- 

phologie ( polycristalline ou amorphe) de ces couches minces constituent les paramGt res 

lirnitat ifs des applications optiques. Ainsi, l'obtent ion de films de faible granulomCt rie. 
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donc d'une faible rugosite moyenne. est-elle trks importante car elle reduit la dispersion 

opt ique et L'absorbance. 

1 .Z.3 Applications Bled roniques 

La temgrature maximum d'utilisation d'un semi-conducteur est d'autant plus grande 

que l'knergie de sa bande interdite est ilev& puisque le nombre d'ilectrons passant de la 

bande de valence & la bande de conduction varie comme: 

oh .Vc est la densite dabtat dans la bande de conduction. E, est I'Pnergie de la hande 

interdite. E j  est 1' energie du niveau de F e m i  (approximativernent 9). r; est la const ante 

de Boltzmann et T. la tempkrature. 

La lirnite d'utilisation en tempkrature du diarnant en qualit6 de semi-conducteur est 

estim4e B .jOO°C; elle est deux fois plus &levee que celle de I'AsGa et du quasi-diamant 

(250°C). et 9.3 fois plus &lev& que celle du Si (150°C). De plus, sa conductibilitC ther- 

mique elev6e permet m e  transmission efficace d'une importante partie de Energie dissipk 

par les semi-conducteurs. et son utilisation comme radiateur thermique devrait notam- 

ment conduire B dou bier la puissance des transistors gherateurs de micro-ondes [34]. 

La qualit6 d'isolant dectrique remarquable du diamant (r6sistivit6 allant de loL3 a 

~ 0 ' ~ R . c m  ) vient de ce que sa bande interdite est devee; ainsi le champ ilect rique minimum 

avant claquage est de 1O7V/'lcm, propriet6 que I'on peut rnettre B profit pour se servir du 

diarnant cornme isolant dam les amplificateurs de puissance. 

D'autres applications dectroniques sont aussi envisageables du fait de la faible permit- 

tiviti diilectrique du diamant dam le domaine des frequences radio et des micro-ondes. 

En resume les applications des couches diamant sont nombreuses, notarnment: 

0 on peut les utiliser comme revetements antirtiflechissants pour les detecteurs IR en 

Si [35] et comme fedtres pour les rayons-)(: 

0 on peut se servir de ces couches dopees P au bore par dans des transistors 

[36] ou dans des diodes Schottky [37]; 
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0 ils peuvent constituer des diaphragmes acoustiques grace B leur trits grand module 

de Young (9.2 Y / m 2  ) et par conskquent du fait de la grande vi tesse du son ( 18.2 

h / s )  qui soy propage [%I. 

1.2.4 Applications biologiques 

Le diamant est extrsmement hydrophobe. A cause de cette propriPtP. le tissu bio- 

logique qui comprend prk de 98% d'eau? n'adhbrera pas facilement au diamant: ainsi 

les batteries et virus peuvent difficilement s'accrocher H. sa surface. L a  combinaison du 

caractere hydrophobe du  diamant avec sa non toxiciti. s a  non corrosion et sa duretP en 

fait un candidat idgal. par exemple, pour la r6alisation de valvules cardiaques artificielles. 

Le plus grand probleme des matCriaux non hydrophobes est en effet la presence de sites 

de nucl6ation qui entrainent la coagulation du sang: les porteurs de valvules artificielles 

hydrophiles doivent prendre des mbdicaments leur vie durant pour eviter ce probkme de 

coagulation. 

1.3 Les ondes de surface 

Le plasma de notre riacteur est produit par le champ Clectrique d'une onde de surface 

6lectromagnPt ique. 

1.3.1 Caracteristiques des ondes de surface 

Les ondes de surface dectromagn4tiques peuvent se propager en utilisant l'interface 

entre deux didectriques. de formes diverses, c o m e  structure de guidage: dans une en- 

ceinte dielectrique contenant un gaz, le champ dectrique de cette onde peut produire un 

plasma qui constitue en m8me temps un PlCment de sa structure de propagation (voir 

1.3.3). Le flux de puissance de l'onde decroit H partir de l'excitateur d'oh elle Pmerge 

parce qu'elle est absorb6e par la dhcharge, qu'elle l'entretienne ou non. La propagation 

ne peut plus avoir lieu quand la densite dectronique est inferieure B une densit6 minimale 

n,: 
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Figure 1.1: Distribution thiorique radiale des composantes radiale E, et axiale E, du 
champ electrique d'une onde de surface dont le milieu de propagation est une colonne 
cylindrique de plasma suppos6 spatialement uniforrne. entouri d'un tube dihlectrique lui- 
mkne sit& dans le vide Ref. :39. 

oh eg est la permitiviti relative du tube (4.52 pour le Pyrex. 3.7s pour la silice) et 

F, la frhquence de l'onde en Hz. Pour un tube en silice et une dkharge rnicro-onde 

Une caractPristique essentielle des ondes de surface r6side dam la distribution de leur 

champ PLect,rique dam la direction perpendiculaire H l'interface. Comme ie mont re la figure 

1.1 [39]. laintensite de ce champ est Cvanescente de part et d'autre du matPriau cli4ectrique 

de l'enceinte B dkharge. L'onde de surface peut se propager sur diffikents modes. Ceus- 

ci s'identifient par un nombre entier ( m = O,l.2,3, ...) provenant de l'expression en co- 

ordonnees cy lindriques de i'intensite du champ qui fait apparaitre le facteur e r p (  jrn ; ) 
A 

(9 = angle azimutal: j = ( - 1 ) 2 ). Dans la gamme de fr6quences et de diamkt res de t u hes 

que nous avons utiliske, grace H I'accord d'irnpt5dance de l'excitateur, nous pouvons choisir 

entre le mode m= 0 (syrngtrie azimutale) et le mode m =  1 (symdtrie dipolaire), lequel 

prksente, en fonct ion de l'angle azimut a1 y,  deux maximums et deux minimums d'intensi t6 

du champs produisant respectivement des maximums et des minimums d'ionisation. Dans 

ce cas, la densit6 dectronique n'est pas uniforme azimutalernent, ce qui est une source 

d'inhornoginit6 lors d'un processus de d4pBt B partir d'une chimie en phase gazeuse. 
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1.3.2 Caracterist iques des ondes de surface entretenant une 
colonne de plasma 

A la sect ion prkkdent e. nous avons prgsentb les principales caracterist iques des ondes 

de surface utilisant une colonne de plasma c o m e  milieu de propagation. sans prkciser 

si le plasma Ctait entretenu ou non par le champ de l'onde: pour une onde de faible 

flux de puissance. la colonne de plasma est nkessairement prkeexistante (par exemple. la 

colonne positive d'une dCcbarge en courant continu). Si, par contre, le flux de puissance de 

I'onde est suffisant . celle-ci pourra produire m e  ddcharge; des conditions plus restrict ives 

s'appliquent alors aux ondes de surface, cornme nous allons Ie montrer. 

Coefficients de propagation et d'att6nuat ion 

Cne onde progressive est caract6risCe par un coefficient de propagation d qui apparait 

dam l'expression de l'amplitude du champ dectrique sous la forme 

oh z est la coordonnee axiale de la colonne de plasma et d. la pulsation du champ de 

l'onde: ,3z est le coefficient axial de propagation et 3, = 2 r / X  oh X est la longueur 

d-onde le long de l'axe r. Le vecteur 3 (aussi appelP vecteur d'onde) n'est dirig4 suir-ant 
4 

2 que dans le cas limite oh le milieu de propagation est sans perte: le vecteur 3 est 

d'autant plus orient.6 vers la normale B l'axe de la colonne (en pointant vers le plasma) 

que l'absorption de l'onde est grande. Dans ce cas, PI diminue d'autant et X augmente 

donc. L'attCnuation du flux de puissance P ( r )  se represente par le coefficient a dans 1.3. 

L'expression 1.3 fai t l'hypot hbe  que le milieu de propagat ion est axialement uniforme. 

La densit6 electronique decroit gkneralement de faqon lingaire de l'applicateur micro-onde 

vers la fin de la dPcharge le long d'un tube de section constante [do]; dam ce cas, il faut 

remplacer d,z par Jt J,(zl)d;', et a(:) par J; a(;')d? dans 1.3. 

Bilan local de puissance 

La distribution spatiale du champ de I'onde de surface est telle que la puissance de 

l'onde absorbCe dam la dicharge entre les plans I et z + dr provient de I'attPnuation du 



Chapter 1. Introduction g6n6rale 14 

flux de l'onde dans ce meme intervalle le long de la colonne. Nous pouvons donc Ccrire 

Iocalemen t que 

oh le membre de droite montre que le champ E de l'onde chauffe la d6charge par effet 

Joule; o est la conductivite dectronique du plasma et R, le rayon de la colonne de plasma. 

Pour des conditions de dCcharge donnks (nature et pression du gaz. d. rn et R). la valeur 

de a ne  depend, en prernibre approximation, que de la densiti Clectronique n. L'Pquation 

( 1.4) est le bilan local de puissance. 

Modes de propagation 

Margot-Chaker et a1 [U] ont montr6 que l'on peut en principe ent retenir une colonne de 

plasma avec une onde de surface de mode rn = 0 sans restriction sur F et R au contraire de 

ce qui se passe avec les modes supkrieurs. Ainsi, le mode rn = I ne peut servir B entretenir 

une dicharge que si F x R 2 %GHzcm, alors que l'on peut observer sa propagation 

sur la colonne positive d'une dCcharge en courant continu pour des valeurs de F et R 

quelconques. 

Pour des dCcharges entretenues par des ondes progressives en gPnPral. la colonne de 

plasma sera stable. i.e. ne pourra exister, que si la condition [A?] 

da( f i )  d ( E )  
<: ( 1.5) a m  n 

est verifitk; il est le valeur moyenne de n(r)  sur la section du plasma en r donne. Dans 

le cas d'un plasma d'onde de surface, cette condition conduit au fait experimental bien 

connu que 2 < 0 en comptant z B partir de l'excitateur; ce critiire elimine la partie onde 

inverse du diagramme de phase de l'onde de surface qui s'observe le Long d'un plasma de 

colonne positive. 



Chapter 1. Lntroduction g6nErde 

Fin de colonne et force pond6romotrice 

On appelle fin de colonne. la position axiale k laquelle se termine le plasma d'onde 

de surface du  fait soit que ii < n,, soit que le flux de puissance n'est plus suffisant pour 

ioniser m6me si A > n,. On observe alors en ce point une variation brusque de ( E ( z )  1, 
i.e. une forte valeur de I V E  l2 [43]. Ce gradient cr6e une force dite pond6romotrice qui 

va acc&l&er les electrons vers la & i o n  sans plasma; le champ de charges d'espace qui  en 

r6sulte lance les ions positifs dans la miime direction. 

La configuration du plasma d'onde de surface que nous utilisons favorise l'existence de 

cette force pondtkomotrice. En effet, par suite d'une rupture abrupte de la structure de 

propagation au  passage d'un tube H d6charge d'un certain diamktre B un second tube de 

plus grand diamgtre (voir plus loin la Fig. 1.3), l'onde de surface ne peut plus se propager. 

Sous const at ons ezpCriment alement que t r&s peu de champ micro-onde demeure au-deli 

du plasma. ce qui montre bien l'existence d'un fort I V E  1 2 .  

1.3.3 Schdma et principes de fonctionement d'une source de 
plasma B onde de surface 

Schema de la source de plasma 

La figure l.%(a) montre les iliments essentiels d'une source de plasma i onde de surface 

dans sa forme classique. Le tube a dkharge, de forme cylindrique droite. est entourt 

de l'applicateur de champ sur une certaine distance axiale (qui peut etre de quelques 

cent imkt res seulement si nicessaire); l'applicateur a pour mission de lancer l'onde de 

surface. Entre la ligne d'alimentation amenant la puissance HF du genkrateur. PI. et 

l'applicateur se trouve un systkme d'adaptation d'impedance qui fait en sorte gue PI se 

rende le plus complkternent possible jusqu'g l'interstice de lancement de l'applicateur (voir 

plus loin): il s'agit de faire tendre vers zero la puissance reflkchie B I'entrPe de la source. PR 

(figure 1.2(b)), avec en mOme temps le moins de pertes possible dans ce systPme d'accord 

[44]. Nous appelerons lancew d 'onde l'ensemble form6 par I'applicateur de champ et le 

syst Pme d'adaptat ion d'impgdance. 
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I 
I 
1 LANCEUR 
I 
I 
I 
I 
I 
I 

D'ONDE 
I 
I 
I 

I 

APPLICATEU R ; 
DECHAMP : 

ENCEINTE DI~LECTR~QUE 
n PLASMA: STRUCTURE 

PLAN 
1 - 
I 

INCIDENT : PLAN D'EXCITATION 
DE L'ONDE ( z = O )  

Figure 1.2: (a) Schema type d'une source de plasma B onde de surface faisant apparaitre 
ses dEments essentiels: le tube B ddcharge, l'applicateur de champ et le systPme d'accord 
d'impkdance; (b) chernin suivi par la puissance incidente (PI): puissance absorbtie dans 
le plasma (PA), tramportee par le flux P ( r ) ;  pertes par rbflexion B I'entrke de la source 
de plasma (PR). pertes par rayonnernent PIectromagn6tique ( P s )  Ref. 44. 
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Configuration des tubes B dhcharge 

L'augmentation de PI entraine I'allongement de la colonne de plasma; c'est une ca- 

ractdristique essentielle d'un plasma d'onde de surface. Dans notre Groupe, on a ainsi cr66 

des colones de plasma de plusieurs mktres de longueur. Pour une longueur donnee du tube 

B dPcharge et  une puissance Po suffisante (figure 1.2(b)), le plasma atteint l'extr6rnit6 du 

tube. Si celui se termine par un obstacle, l'onde de surface est r6flPchie vers l'excitateur. 

Dans son 'trajet de retour", l'onde dispense son flux de puissance B la dPcharge. ce qui 

contribue B r6duire le gradient axial caractkristique de la colonne de plasma eatretenue 

par une onde de surface progressive (5 1.3.2). 

I1 est possible de produire une dCcharge d'onde de surface dans des tubes de configura- 

tions diffkrentes de celle de la figure 1.2(a). Ainsi, on peut lancer l'onde dam un tube de 

diamktre 2R don& (respectant. par exemple, la condition F R pour I'excitation du mode 

m = 0) pour rkaliser ensuite une dPcharge dans une enceinte de plus grand diam&re: il 

faut dans ce cas s'assurer que le diamktre du tube s'evase doucement vers le diarnktre 

plus grand & atteindre. comme le montre la figure 1.3(a). de facon B ce qu'il J -  ait peu 

de rgflexion vers l'excitateur; le mode de l'onde de la region du " petitn tube  se conserve 

dans le 'grand- t uhe. Par contre. si l'extrernit6 du tube est ouverte. ainsi q u 3  arri\.e 

lorsqu'on passe de facon abrupte sur un diam6tre plus grand comme sur la figure 1.3(b). 

alors l'onde ne peut se propager au-delk de cette extrkmitd: une partie du flux est rkflgchie 

et l'autre partie est transmise sous forme d'onde evanesceate. Dans un gaz cornme Hz. B 

la diffkrence de ['argon par exemple, il se forme alors un hemisphere de plasma en cette 

extr6mitC ouverte, dans l'enceinte de plus grand diamktre. C'est en mettant B profit cette 

configuration non conventionnelle du plasma d'onde de surface que nous avons pu rkaliser 

le reacteur original et avantageux qui est H la base de nos travaux sur les couches de 

diaman t . 

L'interstice de lancement et le mode de propagation de l'onde 

Notre Groupe de physique des plasmas a m i s  au point au cours des annks passks 

toute une famille de lanceun d'onde de surface (Fig. 1.4) qui permettent d'entretenir 

efficacement des colonnes de plasma. Ces dispositifs ont en commun la forme de leur 
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Figure 1.3: Exemple de tubes a &charge utilisPs dam une source de plasma i on( 
de surface: (a) tube s'evasant doucement vers un plus grand diametre. (b) tube avec 
transition abrupte sur un plus grand diam&tre. 

applicateur de champ HF. qui est constitue par l'interstice de lancement schematisP B 

la figure 1.5. Cet interstice est manifestement de symetrie azimutale ( n = 0): il Eaur 

cependant savoir que l'arrivie de puissance dans l'applicateur ne se fait pas de Facon 

azimut alenient syn16t rique. de sorte que le flux de puissance sortan t de l'int,erst ice n'est 

pas necessairement de symCtrie azimutale parfaite. On peut alors se demander dans quelle 

mesure l'applicateur de champ va autoriser la sdection d'un mode en particuiier. La 

rkponse se trouve dans ce qui est dit 2 la section 1 - 3 2  le mode qui va apparaitre dCpend. 

2 une fr6quence F donnee. du rayon 2 R de la portion du tube B decharge entour& par 

l'interstice de lancernent, les caracteristiques de symktrie de l'applicateur de champ &ant 

sans effets apparents. 

Pour nous assurer de la formation d'une couche de diamant uniforme sur le substrat 

placi en regard de l'h&nisph&re de plasma et perpendiculairement b I'axe du tube i 

dCcharge, il faut recourir au mode m = 0 de l'onde de surface. Dans la pratique. nous 

avons trouvP que nous powions fonctionner avec le mode m = 0 pour R aussi grand que 

13 mm B 2.45 GHz. En nous rappelant le critgre F x R < 2 GHz cm enon& en $1.:3.:! pour 

s'assurer du mode rn = 0, nous constatons qu'avec cette valeur de R, le produit F x R 
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Figure 1.4: Sch6ma de diffgrents types de lanceurs d'ondes de surface: Ro-Box avec accord 
par circuit LC (a), Ro-Box avec piston coaxial d'accord (b). Surfatron (c), Surfaguide 
(d), Surfatron-guide (e) Ref. 45. 
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Figure 1.5: SchCrnit de I'interstice d e  lancement des ezcitateurs d'onde de surface nlis au 
point par le Groupe de physique des plasmas de l'universit6 de kIontr6al Ref. 45. 

donne 3.2 GHz crn. De facon concrhte, ceci signifie que les modes m = 0 et m = 1 peuvent 

Ptre exit& l'un et l'autre. mais que les moyens d'accord dtimp6dance du lanceur utilise 

nous permettent d'dirniner le mode m = 1 a u  profit du mode m = 0. Pour F R un peu 

plus grand. disons F x R ~4 GHz cm, on ne peut plus faire apparaitre le mode m = 0. et 

dam ce cas, ce sont les modes rn = L et m = i qui sont en comp&ition. 

Le surfatron-guide, le lanceur d'onde de surface de notre 
r6acteur 

Parce que nous devions utiliser des puissances de 1 B 6 kW pour entretenir la dkcharge. 

il a fallu Pliminer l'utilisation du Ro-box et du surfatron (Fig. l.-L(b) et (c))limitis b 300 - 
500 W i cette frkquence. Pour exciter avec efficacite de gandes diametres de plasma et 

pouvoir sdectionner le mode m = 0, il a fallu rejeter le surfaguide (Fig. 1.4(d)) dote d'un 

seul moyen d'accord d'impddance, et utiliser plut6t le surfat ron-guide (Fig. 1.4(e) ). CeIui- 

ci est represent0 de faqon plus precise & la figure 1.6. Le cheminement de la puissance 

micro-onde L travers ce dispositif vers la colonne de plasma peut s'analyser par la ntkfhode 

du circuit iquivalent. Les diffhrents dlbments d'un tel circuit representent des processus 

de transmission, d'accumulation et de pertes d'gnergie. Cette m&hode, beaucoup plus 
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SECTION 4 
COAXULE 

GUIDE D'ONDE 0 

Figure 1.6: Coupe schPmatique d'un surfatron-guide R e t  4 I .  

simple que Ie recours aus  equations de Maxwell avec Ies conditions aux Lirnites approprik. 

permet nPanmoins de bien comprendre les propri6tPs de la source et d'en prCdire les 

caractPristiques d'accord d'imp6dance. 

La figure 1.7 montre le circuit Pquivaalent de notre source. La colonne de plasma 

qui consomme la puissance Po kmise par i'interstice de lancement. est decrite par me 

irngdance complexe 2,; les impedances 2, et Zt sont ajustables et respectivernent k s  

au  piston court-circuit coaxial e t  au piston court-circuit en guide d'onde: quant B Z,. elle 

tient compte de la partie du manchon conducteur entourant le tube & dCcharge qui se 

trouve dans la partie en guide d'onde de I'excitateur; Zo est 1'impPdance caractPristique 

de la ligne de transmission venant du gGn6rateur qui, dam notre cas, est const.it.uGe d'un 

guide rectangulaire WR- 430 (4.3" pour le grand cot6 H ltintPrieur du guide). Ce circuit 

6quivalent est le meme que ceh i  du surfatron d b b  le terme surfatron-guide pour disigner 

le prksent dispositif. Moisan et al. 1.151 ont consid&& dam leur analyse que le diamktre de 

la ligne coaxiale dans laquelle se meut le piston court-circuit etait plus petit que le grand 

cot6 du guide WR - 430. ce qui permet de dCfinir un mPme plan de rkfbrence (en pointill6 

sur la figure 1.7): de plus. ils ont fait l'hypothke que les seules pertes de la source de 

plasma Ctaient la puissance absorbde dam la dkharge, ce qui fait que l7impPdance Zo est 
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I 
PCAN DE 1 - REFERENCE 

Figure 1.7: Rkparti t ion approximative du champ Plect rique dans un su~fa t  ron-guide (a) : 
circuit Clectrique Pquivalent (b); d6signation des puissances incidente (PI). rC0echie ( P R )  
et absorb& (P .4  (c) Ref. 41. 

reelle. que 2, est cornplexe et que les autres sont irnaginaires. La figure 1.S montre Ie hon 

accord de cette analyse avec les rCsu1tat.s expirimentaux lorsqu'on fait varier la posit ion 

1; du piston court-circuit coaxial: le piston en guide d'onde est ajustP B chaque fois pour 

minimiser PA. 

Le nouveau riacteur que nous avons conqu pour le d6pBt de couches minces de diamant 

fait appel au surfatron-guide cornme lanceur d'ondes de surface. Le choiv d'un dispositif 

fonctionnant dans le domaine des micro-ondes a 6 t i  dicte par le dbir  d'avoir i notre 

disposition un plasma cle forte densite: on se rappelera que la densite du plasma d'onde de 

surface croit avec F. les autres conditions de fonctionnement &ant fix& (voir par exemple 

I'equation 1.2). Le fait de retenir pr6cisgment F = 2,471 GHz vient de la disponibiliti i cet te 

frequence de g6nkrateurs de puissance d'un codt moindre qu'8 915 MHz ou 5.8 GHz, qui 

sont aussi des friquences autorisdes pour des fins industrielles, m6dicales et scientifiques 

(ISM). Ce dispositif a 6tC mis B 1'Cpreuve B des puissances pouvant atteindre 6 ktV. 
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Figure 1.8: Caract.Pristiques d'accord d'irnpkdance du surfatron-guide, B frPquence con- 
stante: puissance r6flCchie en fonction de la position du piston coaxial. Cornparaison entre 
les valeurs mesurees et le calcul selon le modkle du circuit equivalent Ref. 41. 
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Figure 1.9: Sch6nla du rPacteur micro-onde que uous avons conqu et mis au  point: 1 
piston d'accord de l a  ligne coauiale. 2 piston d'accord dans le guide d'onde. 3 interstice 
de lancement. 4 porte-subst rat de molybdkne. 5 filament de tungstene. la distance d,, est 
ajustable. 

1.4.1 Description du rhacteur de dBp6t 

Le surfatron-guide entoute i un ou deux mm prPs, de facon bien centree. un tube de 

silice fondue (quartz) de 30 rnm de diamktre exterieur (figure 1.9). Pour soassurer dans 

ces conditions du produit F x R conduisant B lTexcitation du mode m = O  plut6t cp'H 

celle du mode m = 1. rious ajustons le piston coaxial et le piston en guide d'onde de 

faqon H ce que la couronne de luminositt localis6e au  voisinage de la paroi, telle que 

vue dans l'axe du tube par une extremitd, soit d'une intensite le plus uniforme possible. 

Ce "petit" tube s'dargit par une transition abrupte sur un "grand" tube de 60 mm de 

diamktre externe (figure 1.9). de kqon B empPcher l'onde de se propager et donner ainsi 

lieu au champ dvanescent responsable de la formation de 17h&nisphbre de plasma en son 

ex t rh i t i .  Le porte-substrat est placP perpendiculairement B l'axe du tube B dkharge 

dans la continuation du grand tube (voir figure 1.9). Cette forrne originale de rPacteur a 

CtC mise au point B I'occasion de la prbente thke.  Une pompe primaire assure 1'6vacuation 

des gaz que nous introduisons par Le petit tube. 

La paroi de I'enceinte i ckharge et du reacteur est refroidie au moyen d'un liquide B 
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bibles pertes diilectriques. le dimkthyle-poly-siloxane (DMPS), comrne le montre la figu- 

re 1.9. L'emport de chaleur de ce liquide est voisin de celui de I'eau. Ce refioidissement 

protege le tube contre un Cchauffement excessif menasant son intdgritC et il diminue aussi 

la recombinaision de l'hydrogkne atomique sur la paroi; la recombinaision de l'hydroghe 

atomique sur les parois du tube B d6charge croit en effet de fagon exponentielle avec la 

ternpiratwe de cet te paroi [46]. 

Le syst Pme micro-onde est constitud de plusieurs dkments: 

Un g&&ateur micro-onde dont la puissance est ajustable entre 0.4 et :3 kW: un 

circulateur permet de d6river sur une charge adapt& la puissance r6flPchie par le 

source de plasma afin d9Pviter la detdrioration du magnktron du g6nerateur: 

un dispositif & tmis uis direcord destini B minimiser la puissance r6fl0chie n'ayant 

pas pu Btre rksorb6e par les dispositifs de rbglages intrinskques au surfatron: 

une transition en guide d'onde de la norme WR - 340 (86x43 mm) i la norme W R  - 

X30 (109 x5.5 mm): 

a le surfatron-guide. dont la section coaxiale est refroidie par une circulation d'eau: 

un piston en guide d'onde de type quart-d'onde (sans contact). 

1.4.2 Optimisation de I'h&rnisph&re de plasma 

La forme et le volume du plasma prksent dans le rCacteur dCpendent de la nature du gaz. 

de la pression totale et de la puissance micro-onde incidente. Ajoutons que le centrage 

et le posi t io~ement  axial du tube dans l'ouverture de lancement du surfatron-guide sont 

Pgalement import ants. 

1.4.2.1 Amelioration de l'efficacith du couplage micro-onde et de la forme de 

I'hCmisphGre de plasma 

L'eficacit6 du lancemen t de I'onde se juge en fonction de la valeur de la puissance rCfl6chie 

(qui doit 6tre le plus faible possible) et de la forme du plasma en regard du substrat (qui 

doit Ptre hemisphPrique et sans contact avec la paroi du grand tube). Dans cette optique. 

plusieurs rkglages doivent 6tre opt imisb: 
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1. Le rCglage de l'interstice de lancement: Si celui-ci est trop faible, des arcs 

electriques apparaissent qui peuvent aller jusqul  fondre une Ppaisseur de 4 mm de 

silice en quelques secondes, et souder le manchon mktallique H la lbvre du guide 

d'onde qui lui fait face. 

2. Le rCglage des deux pistons d'accord: Cornrne ie montre la figure 1.8. une 

position particuliere du piston coaxial (pour une composition et une pression donn6e 

du gaz) correspond B un minimum de puissance r6flkchie et B une optimisation de 

la forme du plasma en regard du pork-substrat. 

Le reglage des trois vis: Leur mise en oeuvre perrnet l'annulation quasi totale 

de la puissance rPAPchie (rnesuGe par un bolomktre l i i  i une ligne directionnelle). 

Cependant ce rkglage ne doit intervenir qu'une fois les deux pistons d'accord en 

position opt h a l e .  En effet. on peut annuler la puissance rgflkchie par I'action de 

ces trois vis sans que le lancement de l'onde n'ait 8tP optimisP par les moyens 

de rkglage intrins6ques au lanceur. Un systeme dbndes stationnaires peut alors 

s'btablir entre I'interstice de lancement et les trois vis: une quantiti non nPgligeable 

d'kergie micro-onde est perdue en chauffage de la structure m6tallique dans les 

multiples "allks et venues" de l'onde dam le guide, et des points chauds se cr&nt 

au niveau des maxima d'intensite du champ Clectrique, pouvant mener jusqu'k la 

dgformation du guide d'onde. 

L'optimisation du lancement de l'onde est important pour bien difinir l'h&misph&re de 

plasma mais aussi pour dviter tous les inconv6nients liks A la puissance rifl6chie circulant 

dans le s y s t h e  micro-onde. y compris la fusion du quartz dans le cas o t  un mauvais 

Iancement est effect&. 

1.4.2.2 Optimisation du milieu de propagation 

Le coefficient d'attenuation de l'onde de surface dipend principalement des trois 

paramkt res suivant s: 

0 La densite dlectronique. Le coefficient a diminue lorsque ii augrnente; une bonne 

approximation (en excluant la fin de colonne) est de considerer le produit a(Fi )K 

comme Ptant constant pour des conditions de d6charge donnhes (471. 
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a La frPquence u des collisions electron-neutre pour le transfert de la quantite de 

mouvernent [47]. Le coefficient a augmente avec v qui depend de 1'6nergie moyenne 

des Clectrons: en gdnerd, v croit avec la pression. Les pertes dues aux collisions 

entre les Clectrons et la paroi du tube n'interviennent qu'aux pressions suffisamment 

basses pour que le libre paxcours moyen des electrons soit comparable ou inferieur 

au rayon R du tube b dkcharge. Dans nos conditions de pression, le libre parcours 

moyen est de I'ordre du d i x i h e  de millimktre. 

0 Les pertes dam le matCriau didectrique du tube B dCcharge. Ces pertes sont de 

deux ordres: i )  les pertes liQs H la polarisation du di6lectrique: elles croissent 

avec le valeur de la ~ermittivitk et avec le fr6quence du champ HF; ii) les pertes 

liees aux charges libres dam le matdriau. Celles-ci s'expriment en general par le 

rapport de la partie imaginaire zi sur la partie rPelle E, du diilectrique. rapport 

aussi appelC *tangente 6' oit tan6 = 2. L'avantage de recourir. par exemple. B 

la silice par rapport au Pyrex est le suivant: la valeur E ,  de la silice ( : 3 . i Y )  est 

plus faible que celle du Pyrex (4.52 pour du Dow Corning 707). la tangente 6 de 

la silice (z lo-") est aussi plus iaible que celle du  Pyrex (z et. enfin. la 

permitivit6 de la silice n'augmente avec la temperature que pour des valeurs trks 

de&es cle celle-ci. a u  contraire du Pyrex et de la cPramique ( d 2 O 3 )  qui peuvent 

&re victimes d'un emballement thermique conduisant i la fusion du tube. I1 faut 

donc Cviter B tout prix des matPriaux oil la tangente de pertes est PlevPe. Ainsi. 

Ilic et al [M] ont mon trk que les pertes dans un mauvais didectrique. tan b = 0.0 14. 

pouvaient atteindre 50% des pertes dues aux collisions electrons-neutres dans ce cas 

pr4cis. 11 est clair que le choix d'un tube a dkcharge addquat est nkcessaire pour 

l'emploi de puissances micro-ondes aussi elev&s que 3 kW, afin d'eviter une perte 

importante de la puissance micro-onde et la destruction du tube H decharge. Dans 

notre systbme. non seulement nous utilisons de la d i c e  fondue comme materiau mais 

nous refroidissons le tube avec du DMPS pour dviter tout emballement thermique. 



Chapter 1 .  Introduction g6n6rde 

Les motifs et les grandes lignes de 1'6tude poursuivie 

Le Groupe de physique des plasmas au sein duquel a 6tB t3abor& la prisente t h b e  

est repute par ses travaux exp6rimentaux et th6oriques sur les dicharges Clectriques en- 

tretenues par des champs HF. I1 avait i t 6  dCcid6 par le professeur Moisan de mettre ces 

connaissances H profit pour tenter d'innover dam le domaine du d&p& de couches de 

diamant par plasma. Au moment d'entreprendre nos travaux, il existai t deux mPthodes 

principales de dkp6t diamant par des plasmas HF i pression rbduite: le r4acteur B cavitC 

resonnante [49] et le reacteur de type cloche d vide [SO]. Lors d'un stage France-Qu6bec 

de formation auprPs de la professeure A. Gicquel (CniversitC Paris-XIII). nous avons eu 

l'occasion de comprendre les difficult& inherentes H ces s y s t h e s .  De retour dam not re 

laboratoire. a p r b  divers essais. nous avons rGalis6 un rkacteur B plasma micro-onde fonc- 

tionnant aussi & pression riduite. qui utilise une d6charge B onde de surface d a m  une 

configuration tout a fait originale. Ce nouveau reacteur possPde. comme nous aurons 

l'occasion de le dCve1opper dans les articles present&. des avantages importants par r a p  

port aus systkmes existants: il a perrnis ainsi une i tude plus systPmatique et plus fine 

de l'influence des conditions opPratoires sur la qualit4 du diarnant et sur son adhCrence 

au substrat. De nouveaux phinomknes out 6galement PtP mis en Pvidence relativement 

b la rugosit6, B l'adhkrence et B la puretd des couches diamant. Une consequence de 

nos travaux est la r d i s a t  ion prochaine. dam le cadre d'une subvention dite strat6gique 

obtenue par le pofesseur Moisan. d'un reacteur de meme type que celui que nous avons 

mis au point mais de plus grande taille de faqon & traiter des substrats de iZOrnm de 

diamktre et plus. 

Nous allons maintenant rCsumer les grandes lignes de la dCmarche que nous avons 

adopt ie et prPsen ter les result ats essentiels de nos travaux en guise d'introdu tion au 

contenu dbtaillk des cinq articles qui vont suivre, articles dont nous sommes le premier 

auteur. 

Description du nouueau rehcte ur et prisentation de ses pn'ncipaux avantages 

Le premier article (chapitre 2). publie dans Diamond and Related Materials (1995). 

montre l'avantage de la configuration originale que nous avons concue par rapport H une 
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decharge d'onde de surface conventionnelle quant B 17uniformitC du dPp6t. Le plasma 

produit dam ce rkacteur conduit b un hCmisph6re de plasma en regard du substrat. de 

fason analogue aux systbmes B cavite r&onnante et B cloche L vide: cependant, B la 

diff6rence de ces systbmes, aucun rayonnement micro-onde ne s'6chappe de ce plasma 

pour venir chauffer le substrat. Nous pouvons ainsi riialiser un contr6le indkpendant de 

la temphature Ts du substrat par rapport au niveau de puissance micro-onde utilii: 

I'uniformitt5 de T, sur le substrat dCpend du dispositif de chauffage externe utilise. Pour 

une densite de puissance aussi 6lev6e que 100 W/cm3. la valeur de Ts due & la tempirature 

du gaz de la dkcharge est de 580 OC. ce qui dam la pratique nous permet un r4glage 

indCpendant de Ts de 600 b 1000 "C. De plus. l'hdmisphkre de plasma est t r k  peu affect6 

par la position relative du porte-substrat. B la diff6rence des systPmes classiques. Par 

suite de ces bonnes proprikttk, les conditions de fonctionement de not re r4ac teur sont 

parfaitement reproduct ibles. Par ailleurs, nous avons observe, sans doute pour le premiere 

fois, que la rugosit6 rnoyenne, Rq, de la couche de diamant diminuait lorsque la puissance 

absorb& croissai t : ce p hinom6ne ne se ret rouve pas dans les sys t kmes convent ionnels. 

sans doute par suite du chauffage micro-onde H la surface du substrat. 

Le d e u x i h e  article (chapitre 3) .  paru dans le numero de Thin Solid Films datP de 

mars 1996, a i t4  consacre & L'influence des conditions opPratoires (p. Ts. distance du 

substrat au plasma. clensitP de puissance absorb&. concentrations relatives de CH., et O2 

dam Hz) sur la tempPrature du gaz, la concentration d'hydrogkne atomique et finalement 

sur les propriCtCs des couches diamant (qualiti cristalline, vitesse de croissance. densit6 

de nucliation et taille des cristaux). On retiendra de cet article la grande souplesse et 

I'indCpendance des moyens de r6glage de notre rkacteur en comparaision des r6acteurs 

classiques. 
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Ditennination des impuretis eet origine de la contamination en Si obseruh d a m  les 

couches de diumunt d~ notre r&tct&ur 

Dans ce troisikme article (chapitre 4), paru dans la revue Journal of Applied Physics. 

nous avons utiiiiid toute une panoplie de diagnostics pour identifier les principales im- 

puretb de nos couches de diamant poIycristallines. Le contaminant principal est le sili- 

cium. qui provient suivant les conditions en partie des parois du rkacteur (en silice fondue) 

et en partie du substrat en silicium; dans ce dernier cas, c'est la gravure du substrat de Si 

dam les instants initiaux du d6p8t qui en est responsable. Nous avons montrP, semble-t-il 

pour la premihre fois. que la presence. meme tres faible. de Si dam la couche diamant 

provoquait une fluoresceoce autour de la raie du diamant du spectre Raman: I'absence de 

cette fluorescence est donc un rnoyen simple et pratique de s'assurer que la contamination 

en Si est faible, notamment dans des rCacteurs dont les parois sont en silice fondue. 

-4dhirence des couches dinnlant sur les substrab de silicium de d i f f i ~ n t e s  orientations 

cristallines 

Ce quatrigme article (chapitre J), accept6 pour publication le 4 juin 1996 H la re- 

vue Diamond and Related MateriaIs, s'intkresse aux mkcanismes d6terminant l'adhkence 

de la couche diamant au substrat. Notre approche de cette question a consist6 i ex- 

aminer l9adh&ence de telles couches sur des substrats de silicium de trois orientations 

cristallines diE6rentes. Les proprietPs physiques (densit6 d'atomes/cm2 dans le plan con- 

sidkrh, duret6) et chimiques (orientation spatiale des liaisons libres) de ces substrats vari- 

ent en effet selon qu'il s'agit de Si(100), Si(ll0) et S i ( l l l ) ,  les trois orientations cristallines 

Ctudibes. En traitant simultankment ces trois types de surface dam notre r6acteur. nous 

avons pu faire ressortir les proprietk des couches obtenues qui sont li&s i la nature 

de la surface. les conditions de la phase gazeuse Ptant les rnemes. Nous avoos rnontrP. 

semble-t-il pour le premiere fois. que l'adhirence de la couche diamant h i t ,  dans le 

cas present, principalement dCterrnin6e par la gravure du silicium par 1'hydrogGne atom- 

ique de la d6charge dam les premiers instants de nucleation du d6p6t plut8t que par le 

pr6traitement du substrat. Par ailleurs, nous avons observ6 que ce pretraitement dam un 

bain ultrason contenant de la poudre de diamant en suspension conduisait i une graphi- 
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tisation des particules de la poudre de diarnant. la teneur en carbone laissP sur le substrat 

variant avec l'orientation cristalline. Findement, nous avons constat C que la t aille des 

cristaux de la couche diamant croissait avec la  teneur en carbone dB au prgtraitement. 

ikiithode pour obtenir des couches diamant de faible rugositt! au moyen d'un plasma d b n d e  

de surface 

Cet article (chapitre 6 ) .  soumis le 28 mai 1996 B Journal Applied Physics, est une 

itude pararnt5trique visant i determiner les conditions de prktraitemeot du substrat et 

les conditions de  fonctionnement du r4acteur pour arriver b une surface diamant le plus 

lisse possible. Dans plusieurs applications. notarnrnent en optique. il faut proceder B u n  

polissage m k n i q u e  du dip6t pour Pviter la diffusion de lurnikre en surface. I1 semble que 

notre rn6thode. avec Ie rPacteur que nous avons conqu. permette de s'affranchir d'un tel 

polissage. Notre Ctude rnontre que la rugositP moyenne R, dPcroit avec: 1) la decroissance 

de la taille de la poudre diamant du pr6traitement; '2) l'enkvement par r in~age  ultrason 

du rbidu de poudre de diamant du prhai tement :  3) l'augmentation du pourcentage 

de CH4 dam le melange H2-CH4 (effet bien connu): 5 )  l'accroissement de la densite de 

puissance micro-onde ahsorbPe dam le plasma. Xous sornrnes ainsi arrives b une valeur 

de R, infkrieure au nanomktre. une premiere dans le domaine selon nos renseignements. 

Le chapitre 7 prPsente la conclusion g6nirale de not re t h k e  
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Surface-wave-sustained discharges are utilized in a non-conventional conftguration to yield plasma wirh a hemispherical shape 
for diamond film deposition at gas pressures in the range 1-60 Ton. Compared wirh microwave-sustained plasma balls in %dl 
jar" reactors, microwave power absorption is more eficicnt: no power is left that wouId heat the substrate and for given power 
to the reactor and gas conditions, higher power densities arc obtained in the p k m a  The roushness of the deposit decreases with 
increasing power density. Deposition rate on 4 cm2 is typically 350 pg cm '' h''. 

Keywords- Diamond: Gas phase reactor; Microwave plasma CVD: Growth 

1. Introduction 

Diamond film deposition at pressures of the order of 
a few Torrs and at substrate temperatures as low as 
possibIe is of interest in mzny applications where delicate 
surfaces are to be coated, This can be achieved by 
plasma-enhanced chemical vapor deposition and, in that 
respect, microwave-produced plasmas are interesting 
candidates. The advantage of microwave discharges 
compared with the flament method [l] or with d.c. 
discharges [2] is essentially a lower contamination of 
the process because the powered electrode (field appli- 
cator here) is located outside the discharge vessel. A 
shortcoming of microwave tubular discharges in general 
is the radial non-uniformity of the deposit on large areas. 
It comes mainly from the radial non-uniformity of the 
density distributions of hydrogen atoms and carbon 
radicals in the gaseous phase, these distributions being 
related to the radial decay of the microwave electric field 
intensity toward the tube axis, At 2.45 GHt, for example, 
this effect shows up when the plasma diameter is typically 
larger than 20 or 30 rnm. One known remedy is to 
achieve a plasma "ball", which has the further advantage 
of not being in contact with the discharge vessel wd;  
the most common method to produce it is to use as the 
discharge vessel a fused silica bell jar through which 
microwaves (out of a waveguide-based structure, for 
example) are directed from the outside onto a reflecting 

surface inside ( the substrate holder or the metallic base 
on which the bell jar is resting) thereby forming a 
standing wave (3-5). By proper adjustment of this 
system, a plasma ball is created. which leads to uniform 
and good quality diamond films- 

In this paper, we disclose a method based on surface 
wave (SW) discharges to achieve a microwave-sustained 
piasma with a tip in the form of a hemisphere. The new 
reactor, its background and principles of operation are 
presented in Section 2 and a specific arrangement is 
described. Some operating results and the advantages of 
this reactor for diamond deposition are briefly compared 
in Section 3 with those of commonIy encountered plasma 
ball systems. Section 4 is the conclusion. 

2. Experimental details 

2.1. Main features of classical surface waue discharges 

Among the various types of microwave-sustained plas- 
mas, electromagnetic SW discharges are known for their 
very broad range of discharge conditions (frequency, gas 
pressure, tube dimensions and shape) [6,7], a feature of 
interest when optimizing plasma processes. SW dis- 
charges are already being utilized or considered in 
various applications [6-81; however. theu use for dia- 
mond deposition is hindered by non-uniformicy prob- 
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Fig. 1. Essential elements of a ctaisical SW plasm source [S]. 

lems as discussed below. The usual configuration and 
set-up of an  SW discharge is shown in Fig. 1 where a 
straight cylindrical discharge tube is used. The SW is 
excited by a localized wave launcher (comprising a field 
applicator and an impedance matching network) and 
uses both the sustained plasma and the discharge tube 
as its sole propagating structure C6-81. The length of 
the plasma column increases with the microwave power 
supptied to the launcher; when the plasma reaches the 
end of the tube. the wave is reflected back, increasing 
the density of the plasma SW can be used to till tubes 
of different shapes with plasma provided that changes 
in dimensions and configuration along the tube are not 
too abrupt so the wave can propagate across it with 
little reflection. 

2.2. Precious surface wave systems used for diamond 
deposirion 

Until now, two configurations of SW discharges have 
been considered for thin diamond film deposition, as 
illustrated in Fig. 2. ( 1) The first is a cylindrical straight 
tube with the (independently heated) substrate located 
perpendicularly to the tube axis (Fig. 2(a)). Because the 
SW electric field intensity decreases radially toward the 
axis, the active species are mainiy created close to the 
tube wall and their radial distribution of density n, 
reflects this origin [6]; Fig. 2(a) shows a sketch of such 
a distribution at gas pressures typically exceeding 1 Ton. 
Using a 30 rnm internal diameter tube, we found the 
deposit thickness 4 to be radially non-uniform, as 
sketched in Fig. Z(a): it decreases toward the axis and 
the BIm morphology also changes, starting from a dense 
coverage close to the wall to scarcely spread crystals on 
the axis. Clearly, such a method cannot provide uniform 

f coating on large diameter surfaces. (2) The second is a 
mild transition tapered tube with the substrate located 
paralIel to the tube wall in the transition section, as 
shown in Fig. 2(b) [ 9 ] .  The susceptor cross-section is 

a / WAVE MUNCH 

WAVE UUNCHER t " 

Fig.2 Previous configurations of SW discharges used for thin 
diamond 6hn deposition: (a) straight t u k  (b) tapered tube with a 
mild transition in which the graphite susccptor rotates [9]. The radial 
snd azimuthal distributions of the species concentrations arc only 
approximate. 

octagonal, providing flat deposition surfaces. The diame- 
ter of the tube inserted into the wave launcher is 75 mm 
and the 130 mm long transition ends on a 160 mm 
diameter tube. Recall that SWs can propagate in different 
modes which are characterized by an integer m yielding 
the dependence on the azimuthal angle 4 of the wave 
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field intensity (proportional to exp(j4))  [ 10 1. Since 
here the product of the radius R of the mbs in the 
Iauncher and the wave frequency f is large, the wave 
propagates in an m = 1 (dipolar) mode [lo] and therefore 
n, varies with 4 as sketched in Fig. 2(b). To eliminate 
this son-uniformity, the susceptor is rotated around its 
axis. This t a p e d  tube scheme is limited to flat depos- 
ition surfaces of narrow width. 

23. New SL(<IIC~ woe system fm diamond deposition 

The novel configuration is shown in Fig. 3. In contrast 
to the smoothly tapered tube in Fig. 2(b), the transition 
from the small to the large diameter tube is so abrupt 
that the surface wave cannot propagate across it. Instead, 
a hemispherical plasma appears slightly below the transi- 
tion plane, as sketched in Fig. 3: the diameter of the 
hemisphere and it; position with respect to the transition 
plane are determined by the configuration and dimen- 
sions of the transition, and very tittle by the absorbed 
power density thc exact shape of the hemisphere depends 
somehow on the position of the susceptor with respect 
to it. This contrasts with most bell jar systems where 
the plasma ball tends to move with the substrate, 
although therc are exceptions depending on the way the 
susceptor is held with respect to the conducting plate 
below it [YJ. [n the arrangement described in the next 
section. the ratio between the diameters of the large and 
mail  tubes is only 1.5; however, the larger this ratio. 
the less chances there are that the SW propagates in the 
large diameter tube when power is pushed up. 

The main advantage of the new system over the 
previous SW discharge schemes is that a uniform deposi- 
tion can be achieved over a larger surface. namely the 
whole diameter of the plasma hemisphere. Compared 
with commercial plasma ball systems, its advantages are 
as foilows: ( 1 )  a much higher flexibility of adjustment of 
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1.5 d 

Fig. 3. Sketch of the novel SW configuration used to produce a 
hemispherical plasma tip for diamond deposition on an independently 
heated susccptor. 

Fig 4. Sunning electron microscopy microgtphs at 0.75K CH,. 
15 Tom tot31 pressure and 100 standard cmJ min-' flow. 7; = 
900 'C, substrate dimensions 2.5 em x 1.5 em: la, tow rnagifi~ation: 
(b) high magnification: (c) cleaved croMccrioa (Original 
Magnifications: (a) 2000 x ; (b) 10000 x : (c) 30000 * -1 



the plasma hemisphere position with respect to the 
substrate, which we found was crucial in obtaining high 

heating of the substrate by microwave radiation, as 
discussed below. However, when operating at high 
microwave power densities, this arrangement requires 
cooling the discharge tube wall to avoid damaging it 
and contaminating the plasma with Si; cooling the tube 
aiso reduces drastically the walI recombination of atomic 
hydrogen, increasing its steady s the  concentration [ 111. 

2.4. Arrangement and conditions of experiment 

The arrangement tested consisted of a 26 mm inner 
diameter (30 mm outer diameter) cylindrical fused silica 
tube on the launcher side, connecting abruptly to a 
47 rnm inner diameter tube. A b w  pressure of 
2 x Torr was reached before admitting gases; the 
discharge was sustained in H2 gas to which CHI 
was added and varied between 0.3% and 1.5% of the 
total gas contenc the total gas flow was 100 
standardcm3 mind' at pressures ranging from 1 to 
60 Torr. The discharge tube is enclosed in a larger Pyrex 
tube providing a coohg  jacket fiIled with dimethylpoly- 
siloxane, which is circulated by a gear pump (about 18 1 
min-') through a heat exchanger with a refrigerating 
unit. The surface wave was launched with a waveguide 
surfatroo [ 121 at 145 GHz with power up to 1.8 kW: 
thefR product here allowed us to propagate the surface 
wave in either the nt =O or the m = 1 mode by proper 
adjustment of the launcher [ 101. The substrate temper- 
ature T; was controlled independently by externaI heat- 
ing from approximately 500 to 1100 "C, as measured 

with an optical pyrometer. The position of the substrate 
with respect to the tube transition for which the film 
growth rate, uniformity acd quality an optimum corres- 
ponds to the hemispherical plasma just idly covering 
the substrate surface; this occurs at a 15 mrn distance in 
the present conditions. When the plasma barely t9u- 
ches the center of the substrate, there are only scarce 
diamond crystallites (with some grain boundaries) at  the 
substrate edges. On the contrary, when the plasma 
hemisphere is crushed by the susceptor, the substrate is 
damaged and nucleation density is low. The results 
presented below were obtained at the optimum substrate 
position. 

3. Results 

Scanning electron micrographs fro rn a typical sample 
are shown in Fig 4. The diamond films showed dense 
nucleation (NLO cm-') on Si(100) surfam. The depos- 
ited layer is quite uniform as can be seen at low 
magnification (Fig. 4(a)). A higher magnification 
(Fig. 4(b)) shows well-defined facets with a broad distri- 
bution in crystalhe size. Fig. 4(c) is the cleaved cross- 
sectional micrograph of the same sample. It shows that 
growth is columnar. yielding a good quality film. 
Diamond film grows at approximately 1.5 pm h - I .  The 
deposited f h s  were also analyzed by macro Raman 
spectroscopy using an As ' laser at 513.5 nm ( 100 mW). 
The Raman spectrum in Fig 5 shows a clear 1332 crn" 
diamond longitudinal optical phonon line. The full width 
at half-maximum value of this line is typically 3.5 cm -'. 

We have examined the influence of gas pressure and 

RAMAN SHIFT (cm-') 

Fig. 5. R m a n  spectrum of a diamond f2m deposited at 0.75% CH. and T, =9WC: the sharp peak at about 1332 crn - reprcsrnu the diamond phase. 



Fi3.6. Temperature of the substrate as measured in the absence of 
externai heating at 15 a m  from the vansition plant as a function of 
microwave power absorbed in the plasma (1.8 kW corresponds to 
91 W an "). at I0 Torr in hydrogen with O.5?% CH,. 

power density o n  T, with the substrate located at various 
pcsitions with respect to the transition. At the optimum 
substrate position and at  10 Tom, Fig. 6 shows that, up 
to 1.8 kW (97 W T, remains below 600 'C in the 
absence of external heating. At the same substrate posi- 
tion and for a fixed power of 1 kW. we see from Fig. 7 
that T, increases only from 415 to 425 'C when gas 
pressure is increased from 10 to 60 Torr. In contrast. in 
some bell jar systems. for example at 1 kW and 50 Tom, 
T; was reported to be as high as 980 'C [13]. As far as 
temperature uniformity of the substrate surface is con- 
cerned. we have measured T, over nine points evenly 
distributed on the sample; it is constant ( f 1 "C) when 
sustaining plasma with an SW in the m=O (symmetrical) 
mode while it varied by as much as 20 'C when using 
the m =  1 (dipolar) mode. This is related to the fact that 

Pre*run (tan) 

C Fig. 7. Temperature of the substrate measured in the absence of 
external heating at 15 mm from the transition plane as a function of 
the total gas pressure in hydrogen with 0.5% CH,, at 1.2 k W  
absorbed power. 

the microwave power flux along an SW plasma is only 
incompietely absorbed at  the end of the column when it 
is sustained in the m= 1 mode (see Fig. 16 in Ref. [lo 1). 

The roughness of the deposit was measured with an 
atomic force microscope, using a statistical program to 
determine its root mean square value- At 0.75% CH, 
a d  a power density of 60 W an'3 (1.1 kW), it is 21 nn 
Ravet et al. [14] have reported similar values in a beil 
jar configuration. We have found roughness to decrease 
with increasing power density in our system in contrast 
to obsemations with bell jar systems [IS]; this could be 
due to the presence of energetic ions at  the end of SW 
plasma columns [16]. 

The new system disclosed provides a microwave- 
sustaked hemispherical plasma that yields high quality 
diamond Films. Microwave power is fully absorbed in 
the plasma when using m=O mode SWs. The power 
density in the plasma is higher than in resonant cavity 
(43 compared with 30 for 800W 
absorbed power [17.18]) and bell jar (54 W cm-3 com- 
piired with 30 W at 1000 W absorbed power [S]) 
systems: a higher power density yields a faster growth 
rate and in our systcm. a lower roughness of the depos~ t. 

Finally, the fact that the susceptor is not heared by 
microwaves allows us to have an independent and 
uniform heating of this susceptor down to. for example, 
450 'C at 1.2 kW (60 Tom) and 580 'C at 1.S kW 
( 10 Tom) in contrast to most other microwave-based 
systems which require cooling the susceptor to meet 
such conditions [19]. The deposition rate in our system 
is 350 pg cm'' h" on Si substrates. approximately two 
times larser than in other microwave systems under 
similar operating conditions [5.19.20]. Our  jvstem thus 
appears as an  interesting and flexible variant to existing 
plasma ball systems. 
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Abstract 

The influence upon diamond fdm chemical vapour deposition of operator-set pmcess puametcrs in a novel microwave plasma reactor is 
examined. The new reactor operates with a discharge sustained by an eIecuomagnetic surface wave in a non-conventional configurarion that 
yields a plasma hemisphere in the vicinity of the substrate. The basic advantages of this reactor compared with "plasma-ball" systems in 
resonant cavity and bell-jar arrangemenu have been reported in a previous paper. The present paper provides the results of a parametric study 
of the quality of diamond films as well as of the gas temperature and hydrogen atom concentration in the discharge as functions of methane 
and oxygen concentrations, substrate position and temperature, gas pnssure. and microwave power density absorbed in the plasma The 
conditions optimizing both maximum growth rate and fiIm quality correspond to a total gas presnrre of 15 Tom (2 P a ) ,  with a 0.758 CH, 
content and a substrate ternpentun of 930 O C ,  although good quality films can be achieved over a broader range. at gas pressures beween 10 
and 60 Ton ( 1.33-8 kPa), with a 0.25-0.758 CH, content. and with substrate temperatures in r_he range 370-980 O C  

Keywords: Chemical vapour deposition; Diamond: Piasma proassing and deposition 

1. Introduction 

Various techniques have been employed for diamond film 
chemical vapour deposition (CVD). The most common one 
at the moment calls for Low-pressure microwave discharges. 
As far as we know. two companies, Astex and Denki Kogyo, 
are presentty commercializing [ I ]  such reactors. The 2.45 
GHz Astex system produces a plasma bail over a plane sur- 
face, three or four inches in diameter, microwave power is 
generally limited to 1 k W  because of mkmwave heating of 
the various pans of the system, including the substrate. In the 
Denki Kogyo reactor, the deposition chamber is situated 
inside the waveguide, enabling higher powers to be used. 
However, the plasma ball position ceases to be stable and 
reproducible with respect to the susceptor at powers exceed- 
ing 2 k W  121. In the end, the limitation in the growth rate set 
by the maximum microwave power density achievable and 
the limitation in size imposed by the microwave structure 
dimensions restrict the use of these reactors as industrial tools 
for diamond deposition. 

One method of circumventing these limitations is to utilize 
a discharge sustained with electromagnetic surface waves, 

* Corresponding author. 

but in a new, non-conventional configuration. It provides a 
plasma with a hemisphericai shape facing the susceptor; it is 
used to deposit diamond films as with plasma balls in resonant 
cavity and bell-jar systems. The advantages of such a new 
plasma resctor compared with these well-known arrange- 
ments are: (i) a higher power density in the plasma for a 
given microwave power absorbed in the reactor, which 
reflects in a higher deposition rate and a lower surface rough- 
ness; (ii) no microwave heating of the susceptor, whose 
temperature due to the plasma alone does nor exceed 600 OC 
at power densities as high as 100 W this provides the 
possibility of independently heating the substrate to the most 
adequate temperame from 600 "C upwards; (iii) a higher 
flexibility in adjusting the susceptor position relative to the 
plasma hemisphere, hence a better contro1 on the quality of 
the deposit; (iv) this method enables one scaling up the 
system to achieve a hemispherical plasma with a diameter 
larger than the vacuum wavelength in contrast to present 
plasma-ball systems. 

The aforementioned paper 131, the first one to deal with 
the novel surface-wave sustainedreactor, was concerned with 
disclosing its configuration and specific characteristics. The 
present paper scrutinizes the inff uence of operating conditionsc 
on the properties of the deposited films. It also correlates the 
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Fig. 1- Schematic drawing of C!E surfacc-wave driven microwave pIarma lciuzorshowing: (a) tbe plasma rourcc. cbc ~sapcor.  and che discharge tube coaling 
sysrem (b) derails a€ the surface-wave pIasma s w c c  and relative toexion of the sosccpto: (cooling jacket not rcprrscnrcd). 1, coaxial wing smb a d  Z 
waveguide tuning stub in the waveguide-surfatran launck 3. launching gap [6];  4. molybdenum casing, 5. mgszen tilamat 

gas temperature and hydrogen atom concentration with the 
properties of the diamond films, foUowing Giquel et al. (41. 
Such a systematic characterization of the reactor is essential 
in demonstrating its specific properties with respect to con- 
ventiond tow-pressure microwave systems- 

We thus examine the growth rate, morphology (as indi- 
cated by scanning electron microscopy (SEM) ) and structure 
(as indicated by R m a n  spectroscopy) of the deposited f3ms 
as functions of a number of so-called process parameters. 
These externally set parameters are: percentage of methane 
concentration (C&%) , percentage of oxygen concentxation 
(0,8), substrate distance (43, substrate temperature (T*), 
totai gas pressure p, and microwave power P,. We use 
emission spectroscopy to determine the gas temperature 
(through the rotationd emission spectrum of H2)r and the 
relative atomic hydrogen concentration (through actinome- 
try) which we know is critical in the growth of diamond films 
151. It is indeed thought that, because H atoms help stabiiize 
the diamond sp' hybridization, the net growth rate of diamond 
is proportional (at least up to a certain extent) to the atomic 
hydrogen concentration. 
The paper is organized as follows. Section 2 describes the 

experimental arrangement and the methods wed to charac- 
terize the diamond films aad the plasma. Section 3 shows the 
individual influence of the process parameters upon the prop 
erties of the plasma and deposited films. Section 4 is the 
conclusion. 

2. Experimental 

The arrangement used to deposit the diamond films is 
described in Fig. 1. Fig. 1 (a) is a schematic overview of this 
surface-wave based reactor 133. It includes a plasma source 
sustained by microwaves at 2450 M H z  an independently 
heated susceptor and a dielectric liquid cooling arrangement 
[3]. The substrate position d,, is defined with respect to the 

plane at which the tube diameter changes abruptly, as shown 
in Fig. 1 (b); this way of measuring the substrate distance is 
easy and valid because the shape and position of the plasma 
hemisphere are perfectly reproducibIe and depend little on 
the susceptor position. Details on the surface-wave launcher 
(waveguide-sdatmn) can be found in Ref. [6]. Monocrysr 
talline silicon wafers with (1 11) orientation were used as 
substrates. Samples of 2 cm in diameter were submitted for 
60 min to ultrasonic impacts of 2 0  prn diamond powder 
immersed in ethanol. The substrate temperame T, controlled 
by a filament-heated molybdenum susceptor, codd be varied - 
from 500 to 1000 OC and was measured with an optical 
pyrometer. Gases were premixed before entering the plasma 
source. The sum of H, and CH, flow rates was kept constam 
at 100 sccm. The methane relative concentration in hydrogen 
(a%), defined as the ratio of the C& flow rate to the total 
flow rate, was in the range 0-2%. Likewise. the oxygen rel- 
ative concentration (02%) was the ratio of the 0: flow rate 
to the total (Hz + C& + 02) flow rate, and varied between 0 
and 0.7%. Finally, the gas pressure p was varied from I0 to 
60 Tom (i.e. fkom 1.33 to 8 kPa. 1 Torr being equal to 133 
Pa), as measured by a capacitance manometer- Other exper-. 
$nentai derails can be found in Ref. [3]. 

The growth rate of diamond films can be expressed in terms 
of either the film thickness or the weight of deposited carbon- 
This is because one measures it either: (i) by breaking the 
sample and determining the film thickness (in pm) directly 
under a scanning electron microscope, and the growth rate is 
then expressed in pm h-I; or (ii) by weighing the sample . 

before and after deposition, and cdculating the average me 
of weight gain per unit surface (expressed in ~g cm" h ' ' ) ; 
we used an analytical balance with a 0.1 mg resolution for 
that purpose. Assuming the density to be that of monocrys- 
t a h e  diamond (3.52 g an-'), the correspondence of units 
between the two methods makes 32 kg crn " h - ' equivalent 
to 0.1 pm h - '. Clearly. one cannot fully rely on this conver~ 
sion factor because of two possible sources of discrepancies: 
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(i) the assumption that the film density is that oFmonacrys- 
talline diamond: diamond films deposited in non-optimal 
conditions actually contain some graphite and other non- 
diamond phases and, since such phases have a lower density 
than diamond, the fih have in reality a density lower than 
352 g cm"; (ii) the etching of the silicon substrate, which 
is temperature activated: this mechanism lowers the siIicon 
substrate weight and leads to ik underestimation of the dia- 
mond weight gain. In the end, the growth rate ixpnssed in 
pm h" can be lower by as much as 15% when determined 
from the weight method compared with the SEM thickness 
measurement The values of the growth rate below arc taken 
as the average of these two methods. 

After a deposition time of 3 h, the samples were examined 
by SEM and the quality of the deposits was evaluated by 
macro-Raman spectroscopy with a double monochromator. 
The Raman measurements were performed in a backscatter- 
ing configuration using an argon laser beam incident at 488 
nm with a 100 mW laser power, the samples were character- 
ized at their centre using a laser spot of 200 pm diameter. In 
a different set of experiments, we determined the density of 
nucleation and the size of the crystal particles; to this end, we 
set the deposition time at 1 h instead of 3 h, so that the 
individual diamond crystals did not coaIesce to form a uni- 
form film. The nucleation density was then obtained from 
SEM micrographs by counting the average number of crys- 
taIIites per unit surface, and the particle size is simply the 
average particle diameter. 

For the optical spectroscopy measurements, the light from 
the plasma was collected by an optical fibre (2 mm i.d.) 
pointing perpendicularly to the discharge tube axis without 
further collimation, and positioned 1-2 mm above the sus- 
ceptor; the line intensicy is thus some average over the plasma 
diameter. This optical fibre was connected either to a 34 cm 
or to a 1 m focal-length spectrophotometer, for actinometry 
or rotational band spectroscopy respectively, and the detected 
intensity was displayed on a recording chart. We have used 
argon as the actinometer at a fixed flow rate of 3 sccm and 
monitored the intensity of the Ar 1750.4 nm and 434.0 nm 
Balmer H, lines. Their intensity ratio IH/Ik is a probe of the 
relative H-atom concentration. However, the dissociative 
excitation of Hz contributing to H, is a major cause of depar- 
ture from ideal actinometry conditions which assume electron 
impact excitation of H in its ground state 171. This means 
that one should not apply actinometry to experiments in 
which the electron energy distribution function (EEDF) 
changes significantly, which is the case for example when 
pressure is varied [ 7 ] .  

To determine the gas temperature, we took advantage of 
the correspondence observed in H2 discharges between the 
actual gas temperature and the ro~tional rnperantre 
deduced from the R branch of the G' 
band of H, 181. However, more recent o ~ ~ ~ ~ ~ ~ ~ i ?  

* that this rotational temperature can be considered as repre- 
sentative of the gas temperature variations only, not of its 
absolute value. This result was obtained by comparing the 

rotational temprature from the above G -, B system with the 
rotational temperature of the molecule in its ground state (X) 
using coherent anti3 tokes Raman spectroscopy; the rota- 
tional temperature of the G state exceeds that of the ground 
state by approximately 400 K at 2100 K, although both tem- 
peratures vary in the same manner with changes in the dis- 
charge conditions. The waveIengths of the rotational s m c m  
lines of the G+B system and the G-state rotatiom! Ievct 
energies are taken fmm Ref. [ lo]. 

3. ResuIts and discussion 

We examine below the individud influence of a series of 
process parameters upon plasma (gas temperature and H- 
atom concentration) ,and deposited fiIm characteristics. The 

- characterization of he films, which was performed after that 
of the plasma was also the occasion of optimizing the para- 
meters investigated to yield the best quality film. This 
explains why the range of experimental condi dons considered 
for film characterization is broader than for plasma charac- 
terization. 

3. I .  The influence of methane concenrrarion 

3.1.1. Film charncterirotion 
The deposition parameters are p = 15 Tom, T, =950 "C, 

P,= 1.15 kW (76 W and ds,= 1.9 c m  (the tip of 
the hemispheric plasma is bareIy touching the subsmte) . The 
influence of methane concentration on the diamond content 
of the deposited films is evidenced by the Raman spectra in 
Fig. 2: when increasing the methane concentration from 0.25 
to 15%. the 1332 cm'' diamond peak decreases rapidly 
reIatively to the 1550 cm - ' non-diamond carbon phase peak 
indicating that the deposited films contain an increasing 
amount of non-sp3 bonding. This influence of the methane 
concentration is well known in the literature [ I 1-13 3 .  

The dependence of the film growth rate upon C&% is 
shown in Fig. 3 for the same deposition conditions as in 
Fig. 2. The growth rate increases markedly when increasing 
the -96 fmm 05 to 2%, essentidly because of an increas- 
ing amount of carbonic reactive species in the plasma, hence 
a higher degree of carbon supersaturation [ 141. 
The morphology of these films can be appraised from the 

SEM micrographs in Fig. 4. It evolves from faceted to non- 
faceted grains as C&% increases, because of the increased 
presence of non-diamond phases. The grain size increases 
with CH,% untiI it reaches 2% (not shown), then decreases 
to submicron size, because of the renucleation process. We 
have also found that increasing the methane concentration 
increases the nucleation density, but at the expense of the 
quality of the film, as we have already seen from Ram& 
spectra. 



mvrnumbrr (em-') 
Fig. 2. Raman spcarum of the films deposited on a ( 1 1 1 ) silicon subsnare 
at t h e  d i f f m t  mcthaae concenaatioos. Other &@tion paramuus: 
p -  15Torr.T,=950 O C  P,,- 1.15 kW (76 wan''). a n d 4 1  1.9cm. 

3.1.2. P h m a  charactenmtion 
The actinometry method cannot be applied confidently to 

the case of a varying C& concentration, because of a possible 
related variztion of the EEDF 171. We nonetheless performed 
such measurements and found that the IHII,  ratio (hopefully 
proportional to the H-atom concentration) decreased with 
increasing C& concentration; the decrease of atomic hydro- 

[ gen concentration with C&% has been obsemd by many 
workers C4.15-18 ] and predicted by chemical kinetics mod- 

eb [ 19-21]. Such a decrease is thought to be due to incrtas- 
ing volume reactions of hydrogen atoms with methyi radicals 
and methane; it could also come From an increased etching 
of the carbon material by H atoms, since carbon increasingly 
deposits in nondiamond phases which an more susceptible 
to etching. 

Two sets of deposition parameters are report& one that 
shows the evolution toward the best quality diamond film and 
the other for comparison with the plasma characterization 
data. T5c first set corresponds to pr 15 Torr, T, = 950 "C, 
P, = 1.15 kW, &= 1 2  cm, and 0.75% C&, while the sec- 
ond set, denoted P.C. (for plasma characterhation), has been 
obtained with p = 10 Torr, T, = 950 "C, P,= 890 W (59 W 
cm-'), d,= 1.5 cm, and 05% CH,. 
The surface morphology of the fiIms grown is drastically 

influenced by the addition of oxygen to the gas mixture. SEM 
micrographs corresponding to different 02% are displayed in 
Fig. 5. Under oxygen-free CVD with the same 4 and C&% 
(see &O Fig. 22(b)), the individual diamond particles 
exhibit a rather rounded face while, in con- Eg. 5(a)- 
5(c) shows that a small addition of oxygen (0.25-0.7%) 
makes the diamond particles well faceted, as we already know 
fiom the literature (for example, see Ref. [223 ). The e v e  
lution of the film morphology under P.C. conditions is simi- 
lar, as shown in Fig. 5(d)-5(f). 

We have examined the Raman spezrmm of these films. 
observing that up to 0.3% O2 the spectral conmbution from 
non-diamond carbon phases is dominant. However. when the 
O2 percentage is equal to or larger than OS%, the diamond 
peak at 1332 cm-' is defmitety the main feature of the spec- 
trum, as can be seen in Fig. 6. The evolution of the non- 
diamond phase content with O2 undet. P.C. conditions is 
similar, but this content is lower in absolute value. 

The influence of oxygen is also manifest in the film growth 
rate u. Fig. 7 shows that a is almost constant as 0,s is 

Fig. 3. Growth nre u of the film as a function of methane concentntion, 
Other deposition pyametus as in Fig. 2. 





Fig. 5. SEM micrognpbs showing he  film morphology at different 4 coaccnmtions. Rm sa of d w  deposition p m e r e r s  as in Fig. S, except ford, = 1.2 
cm. and with CH,%-0.75%: (a) 0.25% 0:. (b) 05%. a d  (c) 0.7%. Second set (P.C.) ofdepositionpyameters:p= 10 Tom T;=950eC P,,=890 W (59 
W cm-'1. da- 13 em. CK% -0.5%: (dl  0.15%. (el 0.5%. and (0 0.7%. 

3.3. The inflirence of substrate posiriort source while at d,= 1.9 cm. it barely touches the tip of the 

3.3.1. Film characteniarion hemispherica1 plasma. Fig. 9 shows the dependence of  rhe 

We have varied the position of the susceptor relatively to film growth rate upon d,,: the maximum _growth rate occurs 
at a distance o f  approximately i .Z ern from the transition the plane where the discharge tube abruptly changes diameter 
under both operating conditions. d (sce E,o. 1 (b) ) : at d,, =0. the susceptor is well in the plasma 



I) 0.70% Oxygen 1 

Fig. 6. Raman spearurn of the deposited films at different concenuarions. Fust: set of data ((a) 025%. (b) 03%. and (c) 0.7%) and second set (PC) of 
data ((dl 0.15%. (el 05%. and (f) 0.7%) as in Fig. 5. 

'The substrate position also infiuences the diamond content temperature on the substrate edges in this particular case'. 
of the film. The Raman spectra in Fig. LO show that the posi- favouring non-diamond phases.. The micrograph in 
tion of the susceptor for the best film quality is slightly fuaher Fig. 1 1 (a )  (d,, = 0.4 cm) compared with Fig. l l ( b) 
away than for the optimum growth rate under both sets of (&= 1.9 cm) shows larger gain sizes at d,=OA em. Our 
operating conditions. investigations also show that Fig. 1 l (a) corresponds to a 
W e  have also observed that a suscepm too close to the region of low nucleation density. In conclusion. moving the 

tube =sition. say &=0.4 cm. leads to a poor film quality substate from d, = 0.4 cm to 4, = 1.9 cm improves both the 
on the substrate edges: this could be related to the higher gas 

' When the susceptor is too close to the tube transition. d, s 0.4 cm hem. 
the plasma hemisphcm mnot  develop and the situation is akin to thu  of .L 
classic surface-wave discharge. hence the radial non-uniformity [3 1. 



4-nQ 
Fig. 7. Growth ratc of the deposited film as a funaion of oxygen conctncra- 
tion, Fm set of data (full tine) and second set (PC) of dara (docfed l i e )  
Y in Fig. 5. 

Fig. 8. Relative hydrogen atomconcenrration obtained fmm the aainomeay 
mcthod as a function of oxygen mnanfmion. without ex& heating o f  
the suxeptor and in thc absence of a Si slrbsuarc The remaining o p t i n g  
panmetas are the P C  conditions in Figs. 5-7. 

Fig. 9. Growth rate of the film as a function of the subsate position. Film 
chmeri&onconditions ( full line): C&% = O.7596.p - 15 Tom, T,= 950 c C. and P, - 1.15 k W  (76 W ancm') and plasma chvvlerintion mndi- 
dons (dotted line): C&% -05%. p = 10 Tom. 7;- 950 "C P-- 930 W 
(61 Wcm"). 

plasma and film uniformity, increases the diamond content 
in the film. increases the nucleation density, and reduces grain 
sizes. Further increasing d, mainly results in a lower growth 
rate and lower diamond contenr 

3.3.2, P l a s m  characterizotrbn 
Fig, 12 shows the diameter average H-arom concentration 

observed by athometry, as a function of distance fiom the 
tube transition (i-e. by moving axially the o p t i d  fibre with 
respect to the tube transition) in the absence of a susceptor, 
for the same P.C. conditions as Fig. 9 and Fig. 10. The 
observed decrease of concentration when moving away from 
the transition is probably dated to an axial decrease of elec- 
tron density. 

3.4. Ttre inpuence of substrare temperature 

3.4.1. Film characterizarion 
These experiments were conducted at p = 15 Torr, 

P,,= 1.15 k W  (76 W ~ r n " ~ ) ,  andd,,= 1.2 cm for O.S,O.75, 
and 1 5% (2%. We also considered P.C. conditions: p = 10 
Tom, P, = 890 W, t& = 1.5 cm, and 0.5% CH+ In our reac- 
tor, in absence of external heating of the suscepcor, the sub- 
strate is solely heated by the piasma and not by microwaves 
[3], in contrast with other types of reactor f 26,571. In prac~ 
W a t  power densities not exceeding I00 W and for 
p=  15 Tom, filament heating of the susceptor enables us to 
vary the swface conditions independently from the plasma 
by setting T' at any value from 600 to 1000 "C. 

Fig. 13 shows that the growth rate reaches a maximum as - 
a function of T, at about 950 "C for CH, percentages ranging 
fiom 05% to 1.5%. This behaviour can be explained by the 
model proposed by De jaguin and Fedoseev [28 J in which 
diamond grows via chemisorbed hydrogen and by addition 
of carbon to the free surface. The pace of ~e data points in 
Fig. 13 actudly reff ects the competing effects of three mech- 
anisms: the chemisorption of H, the desorption of H and Hz, 
and the incorporation of C in the Iattice. The chemisorption 
of H decreases with T,, Its desorption from the diamond 
surface is induced by a specific vibrational interaction 
between adsorbed hydrogeii atoms and the diamond surface; 
it is predicted to be maximum between 900 "C and 1000 O C  
[28] ; the net desorption rate results kom a delicate batance 
between the chemisorp tio n of H and the desorption of H and 
Hz. As for the incorporation of carbon in the lattice, the 
branching ratio between C and H incorporation is strongly 
temperature dependent because the thermal desorption of C 
(breaking a C-C bond) has a very much higher activation 
energy of about 83 kcal mol ' than the incorporation reaction 
(H abstraction) of about 10 kcal mol". Thus, at low sub-. 
strate temperatures ( < 900 "C) , desorption of carbon is rel- 
atively slow and most of the carbon which adsorbs is 
eventually incorporated into the lattice, the drawback at low 
Ts being a tow nucleation density, as shown later. At higher 
substrate temperatures ( > 1000 O C )  , thermally activate2 
desorption of carbon becomes increasingly important, reduc- 



C EM. Bogu et aL, /Thin Solid Fiitns 00 (1995) 

6500 16000 - . , . 1 . , . , r l  , . . I , , . 

6a00 

- 

a 

3 5U)I) - - - 
- 
t So00 - 
E 

- 
- 
a 

4500 - - 
- 

4000 
0000-  

3500 woo " " . ' . ' p ' * ' ~ ' m ' ~ ' ~  

1000 1100 1200 1300 trKKl 1500 t600 17W 1600 1900 #KIO 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 

mmumber (cm‘') wavenumber (em") 

Fig. 10. Raman spectrum of the deposited films at various substme positions: (a), (b) and (c) :  6lm characterizafion conditions, a d  (d). (el and (0: plasma 
chancttrization conditions. as in Fig. 9. 

ing the growth rate. Also, at temperatures above 1 0  "C, the 
etch rate of diamond by atomic hydrogen increases while that 
of graphite decreases [29,30] thereby increasing the proba- 
bility of graphite retention as a second phase component 

Besides growth rate, the nucleation density is also strongly 
related to the substrate temperature and local conditions of 
growth (e-g. substrate topography). Fig. 14 shows that the 
nucleation density goes through a maximum as a function of 
substrate temperature at approximately 900 OC for CH, per- 
centages between 0.5 and 1.5% (same maximum under F.C. 

conditions). The existence of this maximum could resuit 
from a compromise between the thermodynamically favou- , 

red nucleation of crystals at temperatures higher than this 
maximum and the increased desorption of precursors as T, 
increases [3 1 1. 

The particle size has also been measured at different sub- 
strate temperatures. Fig. 15 shows that the largest particle 
size is reached at 800 O C .  The particle size is corretated with 
the film growth rate but also related to the critical radius f o ~  
nucleation (the radius below which a crystal nucleus is not 



Fig. I I .  SEM micrographs showing the film morphology for: (a) 4 -0.4 
cm. and (b) d, = t -9 cm. Remaining deposition parsmuen as in Fig. 9 (film 
charaaeriwrion conditions). 

d, (em) 

fig. 12. .Relacive (diameter average) hydrogen atom concenaaa'on as a 
function of d i c e  from the tube W t i o n  of thc light-collecting fib% in 
absence of susceptor. Remaining operating paramuus as in Egs. 9 and 10 
(plasma chmaerization conditions). 

stable) [31]. This and possibie differences in lateral and 
vertical growth rates could explain why T, for the maximum 

sub- @mp.nhm (OC) 

Fig.. 13. Growth rate of the film as a het ion of s u m  temperanut at 
rhrtt C& paccntagu. Remaining deposition panmecar: p-  15 Tom. 
P,- 1.15 kW. iind 6- 12 cm. lk P C  conditions (docud tint) arc 
p - L O T o m , P , = 8 9 0 W . ~ - 1 5 c m . a n d O S % ~  

Substrate tempemre (OC) 

Fig. 14. Nuclearian density of diamond crysufs as a frmcdon of s u b m e  
tcmpaYare ac three CI-L percentages. with p - IS Torr. P- = 1.15 kW. and 
4 = 12 c m  P C  conditions: p = 10 Tom. P,, = 890 W. &= 1 5 cm. and 
05% cs .  

Fig. IS. Particle size of the diamond crynals as a functiaa afthe subnrarc 
tcrnpcrature. Opcracing conditions as in Fig. 14. 
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Fig. 16. R ~ n a n  spectrum of the deposited film at various subsnate tempennms. Renwining deposition p~ametca similar to rho= for film chvvrcrizadon 
in Fig. 14. with 0.75% C&. 

partide size is lower than for the maximum growth rate 
(Fig. 13). 
The Rarnan spectra in Fig. 16 show that the broad non- 

diamond R m a n  peak at 15W1600 cm" as well as the 
luminescence background decrease relative to the diamond 
peak at 1332 cm - ' when increasing the substrate tempera- 

C Fig. t7. Rdarivc hydrogen atom concentration as a function of subsme 
rempenture I mrn above the susceptor. for two different subnnte macerids 
(Mo. Si). Remining P.C. parmeten: -5% -0. p = 10 Tam Pm,=890 
W.3ndda- 15 crn. 

ture, the deposition conditions being the same as above with 
0.75% CH,. This suggests an increasing degree of diamond 
content in the film with increasing substrate ternpermre. 

3.4.2. P l a s m  chcrracterization 
It seems quite unlikely that varying the substrate temper- 

ature induces substantial changes in the EEDF, and thus the 
actinometry method is used confidently in this case. We have 
measured IH/I ,  as a function of the subsrrace temperature 
approximately 1 mm above the molybdenum susceptor, with 
and without the silicon substrate on i t  The experimental 
conditions were the following: C&% = 0, p = 10 Torr, 
P, = 890 W, and t&= 15 cm. These values arc close to 
typical deposition conditions, except for methane. The 
absence of methane prevents diamond deposition and thus 
enables one to study without interference the interaction . 
between hydrogen atoms and a given surface materid as a 
function of the surface temperature. Such conditions corre- 
spond to the very initial moments of diamond deposition, 
before any diamond is formed. Fig. 17 shows hay for both 
materials (Mo and Si), there is a decrease of H-atom con- 
centration as T, is increased, and that the hydrogen atom 
concentration is more strongly reduced in the presence of the_ 
Si surface. 



Fig. 18. Ronrional tempemure of H2 G stace (coasuued as the gas temp- 
amre) as a function of the susccptor tcmperanrre (as monitored 5 mm above 
the Mo susceptor) . Other parameters: a% = 0, p = I0 Ton. r',, - 890 W. 
and 4 - 2  cm. 

The substrate temperature is believed LG influence the lat- 
eral surface mobility of adsorbed hydrogen atoms in such a 
way as to favour their recombination into H, as Ts is 
increased, but it could also promote the formation and desop  
tion of volatile etching products such as Sa; in general, the 
lateral surface mobility of atoms increases heariy with the 
surface temperature [3 1 1. The results in Fig. 17 susgcst that, 
prior to diamond nucleation, etching reactions take place on 
Si substrates which, on the one hand, decrease the volume 
concentration of H atoms and, on the other hand, dter the 
surface, creating surface defects as confirmed by our SEM 
observations. The general picture is thus that H recombination 
occurs on both Ma and Si, but perhaps faster on Si, and that 
etching reactions most probably take pIace on Si but not on 
Mo. 

We have further measured the gas tenperatwe 5 mm above 
the bare Mo susceptor, with C&% =0, p = I0 Torr, 
P,=890 W, and &=2 cm. The results are shown in 
Fig. 18. The rotational temperature (from the G B system) 
of &, here construed as the gas temperature T,, is seen to 

T, praulon (W 
Fig. 19. Growth me of the film as a function of gas pressure Remaining 
deposition panmeters: CH.46 = 0.75%. T, - 950 O C  and PmW- I .  IS kW. 

increase monoconicdly (in fact, almost heady) with 
increasing Ts: the fact that the gas at approximately 5 rnm 
above the substrate tends to be in thermal equilibrium with 
the surf" is not a surprise. Giquel et al. (41, using a bell- 
jar reactor, had shown before that there exists an approxi- 
mately 15 mm thick boundary layer above the substratcacrixs 
which a large gas temperature gradient prevails. Beyond this 
layer, T, is that of the plasma "bulk" and approximately 
independent of T,, actually depending on gas pressure and 
absorbed microwave power. The inverse action of heat trans- 
fer, i.e. from the plasma to the susceptor, had been examined 
earlier for the present reactor: Ts was seen to increase with 
increasing gas pressure and absorbed microwave power 13 1, 

3.5. The inpUence of gus pressure 

3.5.1. Film characterizasion 
Fig. 19 shows that the growth rate of the deposited fiIms 

depends strongiy on the total gas pressure. going through a 
maximum nzar 30 Torr. Gas pressure also influences the 
diamond content of the film but, as indicated by the Raman 
spectra in Fig. 20, this is not as sensitive to pressure as to the 
other parameters examined above. 

The iduence of p as an external parameter is complex. 
For instance, although we know for sure that the electron 
temperature (or average electron energy) decreases with p, 
determining the concentration of the various species in the 
pIasma is not straigniforward Nonetheless, relying on this 
decrease of electron temperature withp, one expects the elec- 
tronic dissociation yield per molecule of the feed gas as well - 
as the ionization rate to decrease with p. In other respects, at 
the same time, the reservoir of molecules ( H i  and C&) 
available for efectron impact increases. In addition, thermal 
dissociation (as opposed to electron impact dissociation) 
increases with p because of an increasing gas temperature 
(see further on). Then considering all these mechanisms, one 
can conclude that there is a possibility for an optimal pressure 
for which the concentrations of atoms, radicals, and ions 
needed for diamond deposition yield a maximum growth rate 
(Fig. 19). A further problem with investigating p as an exter- 
nal parameter comes from the decrease of the plasma volume 
with p: the radius of the plasma hernisp here decreases and its 
tip rerracts with respect to the susceptor as pressure is 
increased. Because of this, 6 has to be adjusted so that the 
plasma hemisphere always touches or covers the substrate in 
the same way. 

3.5.2. P~~ characterization 
Fig. 21 shows that the gas temperature T, increases with 

pressure (recall that T, is deduced from the rotational tem- 
perature of the G -, B system of Hz). In this case, we set d, 
at 2 cm in such a way that at the lowest pressure considered, 
the plasma was barcly touching the susceptor, and then 
retracting away from it with increasing p. The optical fibre 
was positioned 5 mrn below the tube transition, hence T .  
represents here the gas temperature in the plasma bulk 



wavmurnkr (em") w t ~ n u m k r  (cm") 

Fig. 20. Raman spccaurn of the deposited films as various gas p n s t m .  Remaining deposition p ~ a m c ~ r s  as in Fig. 19. 

The increase in Fig. 21 can be traced back to an increase 
in electron density n, based on results from a tubular E& 
discharge sustained with surface waves. It was demonstrated 
in that case that T, and n, are related by the ernpirid reIation 

where n, is expressed in cm-' and T' in K [7]. This expres- 
sion holds irrespective of the way n, is varied (pressure, 

microwave power or field frequency); it was validated for p 
between 0.4 and 2 Torr, and field frequencies between 40 and 
2450 MHz 171 ; we are assuming that it remains valid, at least 
qualitatively, up to 25 Tom. It means that increasing the power 
density in the plasma, which increases n ,  increases T, (see 
Section 3.6). 

We can extrapolate the resuIts of Fig. 21 to higher pres- 
sures; one should thus expect T, > 1300 K at p > 25 Torr: 
high gas temperatures (typically. T, > ISM) R [7,32] ) are 
required to obtain non-negligible thermd dissociarion of the 
feed gas. The main impact from increasing T, upon diamond 
deposition in this reactor should thus be an i#.sease of the 
thennal dissociation rates in the plasma bulk. andan increased 
heating of the wall of the (fused silica) discharge tube. This 
latter effect Ieads to a greater loss of H atom [7] ,  since the 
efficiency of heterogeneous recombination af H atoms 
increases (almost exponentially) with the nrrface tempera- 
t u ~  [ 33 ]. The cooling system described in Fig. I (a) consid- 
erably reduces these losses 

1120 - 3.6. The inpuence of the microwave power 
I I I 

10 15 20 25 

Gar p-urr, P (tan) 3.6.1. Film churacteriration 
Fig. 21. Cis temperature a IS mm above tk susceptor (without urtcmd When the microwave power is raised from 600 W to 1200 
heating) as a function of gas pressure. Remaining P.C. parameters: Wv the substrate temperature being maintaid by extemgd 
C H ~ I  = O. P,, = 890 W. md d,m 2 cm heating at a fixed value of 900 O C .  the most imponant effect 
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on the substrate at higher P-; ions are accelerated through 
the boundary layer because of the very large gradient of 
electric field intensity across it (351. 

3.7. The inpuencc of wall temperature 

As already pointed out, the heterogeneous losses of H 
atoms on the discharge tube walls depend strongly on the 
wall temperature [33]. ExternaIly cooling the discharge tube 
with compressed air or using a cooling jacket of dimethyl 
poIysiIoxane (DMPS) , a tow-loss dielectric liquid, increases 
notably the concentration of H atoms in the plasma, as shown 
by St-Onge and Moisan [73 using actinomeuy. Rousseau et 
al. found similar results when cooling a surface-wave reactor 
with compressed air 1361. In the present reactor, much higher 
power densities are used and the cooling jacket is further 
required to prevent the fused silica tube from melting. DMPS 
was found to be efficient for that purpose. Varying the coolant 
flow rate varies the wall temperature; such an experiment 
provides a direct access to the role of H atoms in dimand 
deposition. We found that the main impact of cooling the 
discharge tube, and thus independently increasing the H-atom 
concentration, was to increase the film growth rate; the film 
quality was comparable in all cases. 

4. Summary and conciusion 

Fig. 22. SEM micrographs showing the fiIm morphology for P, oE (a) 
630 W (41 and (b) 1.15 kW (76 W cm"). Rcrnainingdeposition 
panmeten: a% = 0.7546, p - 15 Tom. 7; = 950 OC and d, - 12 cm. 
observed is the increase of the growth rate, attributable to an 
increase in electron density (recall Eq. (1)) and thus in the 
number of reactive radicals and ions. For instance, in a feed 
consisting of 0.75% C&, with p = 15 Ton, T, =950 "C, 
d,,= 1.2 cm and P,, = 630 W (41 W ~ r n " ~ ) ,  the growth rate 
is = 240 pg h" while, with P,,= 1150 W (76 W 
cm") , under the same conditions, it increases to ~ 3 6 0  k g  
cm-' h-'. The fact that the growth rate does not increase 
linearly with P, implies that n, does not grow linearly with 
P,, This could come kom the volume recombination of 
charged particles: this recombination rate is proportional to 
ni (the diameter of the plasma hemisphere increases only 
very slightly with P, and we consider this effect on n, to be 
negligible). 
Fig. 22 shows the SEM micrographs at 630 and 1150 W. 

They show that, apart from increasing the film growth rate. 
increasing the microwave power density absorbed in the 
plasma reduces the film grain size and roughness. This may 
be explained by: ( i )  assuming a greater probability for the 
renucleation of diamond at higher power density, which 
results in a lower film rouehness r341: (ii) a higher ion flux 

We have characterized a new type of microwave plasma 
reactor for diamond deposition- Based on a novel configra- 
tion of surface-wave discharges, it produces a hemispherical 
plasma facing the susceptor. Although this reactor has some 
similarities with plasma-ball reactors, its specific features 
required an independent characterization. This objective has 
been achieved through a parametric study ofthe main process 
parameters for diamond deposition, namely CH, concentra- 
tion, addition of O,, position of the substrate with respect to 
the plasma source, substrate temperature, gas pressure and 
microwave power. We have examined the influence of these 
parameters on the main film characteristics (qudity of the 
am, growth rate, nucleation density and particle size), and 
on two plasma properties, the H-atom concentration and the 
gas temperature. We have found that the conditions optimiz- 
ing both maximum growth rate and film quality correspond 
to a total gas pressure of 15 Ton, with a 0.75% CH, content 
and a substrate temperature of 930 "C, Diamond films with 
well-faceted crystals and with minimal defects have been 
obtained over broader operating conditions, at gas pressures 
between 10 and 60 Tom, with a 0.25475% CH, content, 
and with substrate temperature in the range 870-980 "C. 
Finally, we anticipate that uniform films of larger area could 
be achieved with a larger tube diameter, this has already been 
verified with a reactor tube 1 5 times larger than the present 
one. 
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Deposition of thin diamond 6 . h  on dlicon (Si) substrates and in a -tor with Fwd silica walls 
can lead to the incorporation of Si impurities. In the present work impurities in the bulk of the films 
were analyzed quantitatively using complementary diagnostic techniques (elastic recoil detection, 
elecmn microprobe analysis and szconday ion mass spectrometry), while surface analysis was 
achieved with x-ray photoelectron spectroscopy. The Si contamination level in the bulk reaches up 
to 0.16 at. %. We show that the presence of Si impurities correlates with the fluorescence 
background that accompanies ihe ;332 cmel diamond peak in the Raman spectra. Experiments 
were performed to distinguish between the Si originating from the wall and from the Si subsnare. 
The effect of 4 added to the process gases is also investigated. The diamond films were prepared 
in a recently developed plasma reactor using a novel configuration of surface-wave-sustained 
discharge: the reactor operation is akin to that of the well-known plasma-ball systems. Q 1996 
iimen'cm Institute of Physics. [SO02 l-8979(96)O92OS- 11 

I. INTRODUCTION 

The interest in diamond films is spreading to various 
scientific and industrial fields because of their excellent in- 
trinsic diamond is the hardest known material3 
and it combines broadband optical transparency, high ther- 
mal conductivity and chemical inertness; when n or p doped, 
it is a good c&didarc as a wide band-gap semiconductor 
material. '" 

The nucleation and growth processes involved in chemi- 
cal vapor deposition (CVD) of diamond films are strongly 
affected by the initial surface characteristics of the substrate. 
It is well known that pretreatment of the substrate is required 
to enhance diamond nucleation necessary to obtain a con- 
dnuous film of high quality. This aspect of diamond CVD 
has already received much attention because of its influence 
on the morphology and crystal quality of the films. 

Crystalline silicon is an ideal substrate for fundamental 
studies of polycrystalline diamond film CVD. In particuiar, 
its lattice constant is similar to that of diamond, which favors 
hetempitaxid growth. However, diamond nucleation occurs 
readily on these surfaces only dong scratches or sharp h c -  
nrre edges. Furthermore, long exposure times are required 
before the bare silicon (Si) surface transforms into Sic, 
which seems to be a necessary step before diamond crystals 
start growing.'" This suggests that depositing a Sic layer 

% directly onto Si should enhance the formation of diamond 

'klecnonic mik m o i s a n @ ~ u m o n ~ c a  
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nuclei. It appears that the surface condition of the substrate is 
qualitatively changed provided the deposited Sic film is at 
least 200 run thick6 

In ail  deposition systems, the growing diamond Hrns can 
be contaminated by species originating from the reactor 
walls or  from rhe gas phase, which may adversely affect the 
materials characteristics. In the present work we systemad- 
cally investigate the level and origin of silicon impurity in 
diamond films deposited on Si substrates under various op- 
erating conditions, and we correlate it with broadband lumi- 
nescence observed in the Raman spec= 

11. EXPERIMENT 

We have examined diamond films grown following two 
different surface modifications of the ( 100) silicon substrate: 

(i) deposition of a 200-nm-thick SiC film prepared by 
laser ablation6 and @) pretreatment by an abrasive powder (about 20-40 
pm in diameter) in an ultrasonic methanol bath for 60 
min, followed by cleaning with methanol. 

Diamond deposition was carried out using a novel con- 
figuration of surface-wave-sustained discharge? operated at 
2450 MHz, as shown in Fig. l(a). Details concerning this 
experimental arrangement were described e~sewhere.~ A h  
introducing the substrate into the reactor. the system was 
pumped down to a base pressure of 2x TOR (2-7 
X 10" Pa). The substrate temperature, monitored by an op- 
tical pyrometer, was raised to 950 "C using external heating 
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FIG. 1. (a) Schematic illustrarion of rhe surface-wave microwave plasma 
reactor including the diiharge tube cooling system using dimethyl poiysi- 
ioxanc (DMPS); ~ b )  details of the surfacewave plasma sourn and relative 
Iocjtion of tfie suscrptor C i ~ l i n g  jacket not represented). The numbers refer 
to: Itoaxial tuning stub and 2-waveguide ~ n i n g  stub in rht waveguide- 
surfamn launch* 3-launching gap; 4molybdenum casing; 5-tungsw 
filament The diswce d,, is adjustable (Ref. 12). 

of the molybdenum susceptor [Fig. l(b)]. The gases were 
premixed before entering the discharge tube, and the total 
flow rate was fixed at LOO standard cubic centimeters per 
minute (sccm); in most experiments, the methane coacenm- 
tion (C&%) in hydrogen was constant ac 0.5%. The working 
gas pressure p, de&rmined by a capacitance manometer, was 
10 Torr (1.33 kPa). 

After a deposition time of 2 h, which yields an approxi- 
mately 1-pm-thick film, the samples are examined with a 
scanning electron microscope (SEM), JeoI model JSM- 
6300E and the quality of the deposits was evaluated by Ra- 
man specmscopy. Rarnan measurements were performed in 
a backscattering configuration, using a double beam- 
monochromator and the 488 nm line from an argon laser 
(100 mW power). 

Optical emission spectroscopy (OES) was used to diag- 
nose the plasma. The emitted light was collected by an opti- 
cal fiber (2 mm i d ) ,  pointing perpendicularly to the dis- 
charge tube axis without further collimation and positioned 
about 1 mm above the sample susceptor. The optical fiber 
was connected to a 1 m focal-length spectrometer. For acti- 
nometry measwcments, argon was introduced at a fixed flow 
rate of 3 sccrn. We monitored the intensiy of the AIL 750.4 
nm line and of the 434.0 nm BaIrner H, h e .  Their intensity 
ratio IH/Ik is a probe of the relative H-atom concentmion. 

The specific limitations of the actinornew method when ap 
plied ts atomic hydrogen in a H2 discharge arc discussed far 
example, in Ref. 8. 

The e1emcntct.I composition of the films was analyzed by 
several methods. The elastic recoil detection (ERD) used at 
Universit6 de Monmbl has already been described in Refs. 9 
and 10. In this technique, atoms of the constituent elements 
are ejected from the sample in the fornard direction by an 
energetic heavy ion beam (30 MeY 3 S ~ ~ 5 + ) .  Silicon surface- 
barrier detectors record the number of recoiled atoms and 
their energy specua, which arc related to the atomic concen- 
tration and to the depth respectively. A timc-of-flight dctec- 
tion system is used for mass discrimination of the recoil 
atoms. 

Secondary ion mass spectrometry (SIMS) depth p & e s  
of the elementat (atomic) composition of the diamond films 
were obtained using a 10 keV Csf -ion sputtering beam and 
detecting negative secondary ions. In this technique, molecu- 
lar ions may share the same nominal mass with elemental 
ions; for example. l Z ~ i b  can intelfere with ihe signal. 
Therefore, the molecular contributions were preferentially 
removed by analyzing secondary ion populations of higher 
energy, extrapolating the data to infinite spslctering velocity 
(iafinite velodry method)." 

The electron microprobe analyses (EMA) were canied 
out in a Jeol JSM 840 SEM. In this technique, an elecaon 
beam (10 keV, 60 mA in source) impinges on the surface of 
the sample at glancing angle, below the critical angle for 
total external reff ection, and it induces fluorescence from at- 
oms in the top sevenl monolayers of the sample. The Hue 
rescence x-rays are then analyzed by an energy dispersive 
spectrometer. 

The x-ray photoelectron spectra (XPS) were recorded 
with a VG ESCALAB blkU spectrometer. The deposited 
films were exposed to air before being placed in the ultrahigh 
vacuum system. The XPS measurements were performed 
with a non-monochromatized MgK, source 
(h~1253 .6eV)  and with a spectrometer pass energy of 
20 eV resuIang in an energy resolution of about 0.8 eV. The 
energy calibration of the core levels was performed with a 
gold reference sample, setting the Au 4f7n binding energy at 
84.0 ex Some of the recorded spectra we= energy-shifoed in 
order to compensate for the charging effects 

Ill. RESULTS AND D1SCUSSlON 

A Concentration of atomic hydrogen 

Prior to the film characterization, we have determined 
the gas-phase hydrogen concentration as it is the most perti- 
nent plasma property in the present case. 

The (relative) H-atom conccnrration [HI was measured 
as a function of the substrate temperature T, approximately 
1 mm above the silicon sample, which was either bare or 
covered with a Sic layer. For comparison, we have also 
made these measurements in the absence of any substrate on 
the molybdenum susceptor. The experimental conditions 
were the following: pure hydrogen (no C& added) at p= 10 
Torr, microwave power P,, =89O W. and distance h r n  the 
susceptor to the transition in tube diameter [see fig. Nb)] 
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FIG. 2. Relative H-atom concentration at approximately one nrm above the 
susceptot: (a) as a function of substrate temperature (Si. Sic. and Mo) in the 
absence of C&; (b) as a function of time during diamond deposition onto 
but or Sic-coated Si subsuafc. Deposition conditions: T,=800 "C. p= I0 
Ton: CH,% =0.75%. P,, =a90 W. and d,,= 15 cm 

d,, = 1.5 cm. This represents typicd diamond film deposition 
conditions, except for the absence of methane. It enables one 
to study, without the interference of diamond growth, the 
interaction between hydrogen atoms and a given material as 
a function of its surface temperature. Such conditions corre- 
spond in real@ to the initid moments before any diamond is 
de posikd. 

Figure 2(a) shows that the [HI values systematically de- 
crease with rising T, for a3 materials (Si, Sic, or Mo). This 
general behavior has been pointed out in our previous 

and was explained in terms of an increase in 
the lateral surface mobility of adsorbed H atoms which fa- 
vors their recombination into Kt. The results in Fig. 2(a) 
also suggest that the probability of H-atom surface recombi- 
nation varies with the material; this effect can also be inter- 
preted as H atoms reacting with a surface to form volatiIe 
products at a rate that depends on the nature of the surface. 

It has k e n  suggested earlier" that H amms are rrspon- 
sible for surface defects on diamond-covered Si' substrates 
due to their etching xtion on such substrates in the instants 
preceding diamond nucleation. Figure 3 is a SEM micro- 
graph showing cIeariy that such defects reflect in the film 
topography. Therefore, etching reactions may at least in part 
:count for the increased H-atom de~letion occurring when 

IT. is increased, as shown in fig. *(a). 

FIG. 3. SEM micrographs showing the presence of surface dcfecrs on a 
diamond-covered Si substrate: la! top view of the surfjcc: ib) cross-section 
view. 

Figure 2(b) shows the concentration of H atoms during 
the whole deposition process (3 h). The deposition condi- 
tions were: .Ts=800 "C, p = 10 Ton. CH4%-=0.75%. 
P,, =890 W, and d,,= 1.5 crn. In the first imtans. the [HI 
values are significantly higher above the Sic surface com- 
pared to bare Si, as already shown in Fig. 2ra1. but this 
difference reduces considetabiy as the diamond fiim grows 
and eventually covers the surface. Assuming that [HI stabi- 
lizes only after a complete coverage of the substrate by dia- 
mond one can infer from Fig. 2(b) that a continuous film 
forms faster ( a 3 0  min) on bare Si than on a S i c  layer 
(-90 min), This interpretation contradicts the ideaaJ that 
predepositing S iC on Si . substrates facititates diamond 
growth as mentioned in the introduction. The fact that the 
growth rate v of diamond on Siccoated Si substrates 
(v-053 pg h-I) is lower than for bare Si (u=0.7.1 
pgh-l) confirms our interpretation of Fig. 2(b). 

6. Film characterization 

The elemental composition and the impuriv levels of 
four different diamond films about 1 p m  thick were investi- 
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TABLE IL ERD-TOF atomic ~~llcenaatioa in the bulk of diamoad filrnt 
from Table L 

Sample Carboa ( a ~  %) Hydrogen (at %) Oxygen (at %) Silicon (at S) 

throughout the growth), very low amounts of both silicon 
and oxygen impurities were detected [Fig. 4(b)]. For sample 
3 (Si with 200 nm Sic), the silicon concentration in the bulk 
[Fig. 4(c)] is lower than in sample 1. but notably higher than 
in sample 2. Finally, sample 4 F g .  4(d)] shows that for a 
Sic-coated Si substrate the addition of oxygen to the process 
gases results in a strong increase of Si impurities in the in- 
terfatiai region, at a depth of approxirnateIy 0.3 pm. 

gated by ERD-TOF, SIMS and EMA. B o  of thelayers were 
deposited on presmtched Si and twp on Sic-coated Si. The 
deposition conditions of these samples arc iisted in.Table I. 
The following arc the results of the elemental analysis and 
compositions of these films. 

I, EROITOF depth profile enalysls 
Figures 4(a)-4(d) display depth profiles of the atomic 

concentrations of all elements detected by this method. The 
profiles are different from each other. and the concentration 
values in the film bulk are summarized in Table II, 

For sample 1 (silicon substrate premated with diamond 
powder), the silicon impurity level is approximately constant 
over the probed depth [Eg. 4(a)]. The oxygen impurities in 
this film are at the detection limit of this technique. In 
sample 2 (prescratched Si as for sample 1, but with O2 added 

2. Secondary [on mass spectrometry 
Figures 5(a)-5(d) show the SMS depch profiles of 

samples 1 to 4 from Table I. respectively. These results agree 
with those o b ~ n e d  by ERD-TOF (Sec. III B I). In sample 1, 
we observe a contamination by Si impurities over the whole 
probed depth, whereas in sample 2 such contamination is 
absent Again. as with the ERD method. the concentration of 

FIG. 4. Atomic conccnPation depth profiles me- by rhe ERD-TOF method for the samples From Table L The profile stam from h e  s u k  (left). and 
reaches down LO about 0.6 +m for oxygen. 
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FTG. 5. SIMS depth protiles of samples 1-4 from Table L 

the EMA technique is comparatively more surface-sensitive, 
and it rather provides an average composition close to the 
surface. 

Si impwities in sample 3 is lower than in sample 1. The Si 
concentration is approximately constant throughout samples 
1, 2, and 3, but it smngIy increases with depth for sample 4. 

4. Gensal dlscusslon 3. Electron microprobe analysis 
Figures 6(a)-6(d) show the results of EMA analysis of 

sampies I to 4 from Table I, respectively. This analysis cor- 
tlates well with the SIMS and ERD-TOF results described 

&we. For example, no Si was identified in sample 2 by any 
of these three methods while Si is present in the case of 
samples 1, 3, and 4. It should be mentioned, however, that 

The results obtahed from the above three diagnostic 
techniques can be explained by considering the origin and 
inclusion mechanisms of Si into thz diamond films. The Si 
impwities arise partly from the walls of the reactor and 
partly from the Si substrate. Si originating from the subsmtc 
is believed to be incorporated into the diamond film k t  as a 
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FiG. 6. EMA analysis of samples 1-4 from Tabtc L The lowest energy peak is the peak calibration of the damor. 

result of H-atom etching reactions with the exposed sub- 
strate. and chen by diffusion through the p w i n g  film. The 
former mechanism is well established; it is responsible for 
the surface topographic irregularities revealed in Fig. 3: the 
bumps on the film surface reflect a strong initial etching 
effect of Si by the hydrogedmethane plasma. 

When comparing the four samples from Table I, the Si 
impurity level in sample 1 can be inferred to originate both 
from the reactor wall and etching of the subsaate. Because of 
the high Ts value. the Si atoms can diffuse through the film 
during the deposiaon process.'3 

The beneficial effect of adding oxygen to the HZ/CH, 
gas mixture is clearly demonstrated in sample 2. Oxygen is 
believed to passivate the fused silica wall with respect to its 
etching by H atoms, thus decreasing the formation of S a x  (0 
SxS4)  species which can transport Si toward the substrate 
s ~ r f a c e . ' ~ - ' ~  OES recording of Si lines in H2/CH,/02 plasmas 
confirms a total quenching of t i i s  emission when 0.5% O2 is 
added." Oxygen can also be considered as a diamond nucle- 
ation activator for the following wo reasons: 

(i) it enhances the concentration of H atoms in the gas 
phase by suppressing heterogeneous recombination to 

H2 on the silica walls; tbis enables one to raise the 
methane concennation and hence the deposition nte 
while maintaining the same diamond quality as char 
obtained at a lower methane concentration in the ab- 
sence of o2lS and 

(ii) it suppresses Si superficial contamiaaaon (because of 
waIl passivation) which could i n d m  a &lay in the 
nucleation process.'" 

The effect of Sic intermediate layers on the Si impuriry 
level in the diamond f i b  is cIarified by studying samples 3 
and 4. The silicon concentration in sample 3 is low, because 
it originates only from the reactor wdi; the possible diffusion 
effect from the substrate itself into the diamond film is e& 
ciently suppressed by Sic which acts as a dSusion barrier. 
Adding oxygen to the process gas (sample 4) in this case 
prevents Si contribution from the discharge rube wall ( d l  
sample 2). but it also results in a strong reaction of 0 atoms 
with the S i c  layer. producing CO or C02 gases.'"'a The Si 
atoms liberated from the Sic  surface can react with H atoms 
to form SX, (0SxG4) species. These species may be re- 
sponsible for the transport of silicon into the growing dia- 
mond film. 
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FIG. 7. SBIS depth profile of hydrogen for samples 1-4 from Table L 

RAMAN SHIFT (m") 

figure 7 shows the SIMS depth profile of the hydrogen 66 
atom signal for samples I to 4. The intensity of the carbon 
signal is 1000 times larger than that of hydrogen. but the 
shape of its depth profile is nearly the same as that of H 
atoms, in agreement with the ERD data. This nsult suppons 
the idea that hydrogen is predominandy bonded to carbon. 
Similar results have also been observed by Terranova er UL'' 

Figures 8(a)-B(d) show Rarnan spectra for samples 1 to 
4. respectively. We observe the presence of a broadband lu- 
minescence background signal in samples 1. 3 and 4. which 
contain a relatively high amount of Si impurities. These 
spectra conuast with the spectrum of sample 2 where the 
background intensity around the diamond peak is negligible 
and flat; in this case, the diamond film was deposited directly 
on the prescratched Si with the contribution of oxygen in the 
process gases. Since the level of SI impurities is the lowest in 
sample 2 md is the largest in sample 4. we conclude that the 
higher the concentration of Si impurities. the higher the ob- 
served broadband luminescence. Considering T~ble II, we 
see that the variations of the other impurity contents do not 
correlate with the variation in h e  background fiuorescence. 

We have observed that the density of secondary nucle- 
ation and the presence of ball-like structures are higher in the 

RAMAN SHIFT (an") 

FIG. 8. Raman spectra for samples 1-4 b m  Table L 
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'UBLE IIL Surface ekmzafal coupsitioo. as obtaintd by XPS. of diamond 
wnpies deposited with ~oacentra0*0(1 ia tbt wwking grr of 0.0.2 03. 
0.4. and 05% (fmm A to E). 

Sample Carboa (at %) Rqa~ (it %) Silicon (a %I WHilico~ 

A 90.4 6 3  3.1 21 
B 899 6J 3.8 1.7 
C 89.0 7.0 4.0 1.7 
D 88.6 7.2 4 2  I f  
E 81.9 8-4 . 3.7 23 - 

samples that contain a high concentration of Si impurities. 
Koichi et dm have noted similar results when adding a 
small concentration of silanc during the diamond deposition, 
showing that increasing the silane concentration increases 
the density of secondary nucleation. 

5. XPS analysis and further dkzcussion 
In addition to the depth profile analysis presented above, 

we have performed XPS measurements to determine Si and 
oxygen impurities at the film surface ( - 5  nm probing 
depth). Tabk III shows the surface elemental composition for 
five samples which were deposited at O1_ concentrations in 
the gas phase of 0, 0.2, 0.3, 0.4, and 0.5%. These samples 
were obtained in the same deposition conditions as for the 
depth profile analysis. with the powder pretreatment The 
oxygen contamination on the various deposited film surfaces 
ranges from 6.3 to 8.4 ar%, while the silicon concenrration 
lies between 3.2 and 4.2 a t  %. Measurements at different 
locations on the same sample, say 1 cm apart fiom each 
other. show that these impuritizs are not homogeneously dis- 
tributed (22 at. %) over the film surface. Nevertheless, the 
oxygen to silicon concentration ratio does remain approxi- 
mately constant. 

Determination of the energy positions of chemical bmds 
can be affected by electron emission from the insulating dia- 
mond films due to elecwsutic charging. Resulting energy 
shifts of approximately 0.1 to 0.6 eV have been observed and 
compensated for by shifting the whole specmm. setting the 
reference energy of the Cls  peak at 284.7 eV, a characteristic 
value for diarnond2'l2 The corresponding binding energies 
of the observed Si2p and 01s core levels amount to 
102.3 2 0.1 eV and 532.3 2 0.1 eV, respectively. 

Comparing the binding energy values observed above 
with data from the literature, we cannot distinguish confi- 
dently between pun silicon and some SiO phase."-z The 
full width at haif maximum (J3W.M) of the recorded energy 
for Si2p and 01s  core levels is found to be 1.720.1 eV and 
1.9 C 0.1 eV, respectively. These rather low FWHM values 
and the fact that the core level shapes are quite symmetric 
lead us to believe that the observed silicon and oxygen ele- 
ments are bound in one single phase. There are then at least 

f two possibilities: 

% (i) a SiO phase; this would lead to a Si2p binding energy 
close to 102.1 eV with a corresponding 01s binding 
energy of 532.1 eV. and a binding energy difference 
between these two core levels of 430.0 eV, and 

(ii) a silicon oxycarbide phase. 

To discrimimte between these two phases, we hzive pre- 
pared Si,O,,C, phases with different Si:O:C ratios by sputter- 
ing a Sic target with an oxygen-argon gas mi-ttuce under a 
variable oxygen content.% Nomtheless. the predicted CIS 
contribution of the silicon oxycahide phase could not be 
distinguished b m  the main CIS diamond peak contribution. 

The concentration ratio of the oxygen and silicon i m p  
rities in Table IIl shows that the stoichiometry ratio of 0 to 
Si is closer to2 than to unity, favoring assumption (ii). How- 
ever these values may have been affected by the fact that the 
samples were exposed to air prior to their measurement in 
the photoelectron spectrometer. allowing oxygen adsorption 
to occur on the diamond sample surface. The obtained oxy- 
gen to silicon concentration ratios are then upper l i e  of 
the stoichiometry of the impuricy phase. Thus, comparing the 
binding energies and the oxygen to silicon concentration ra- 
tios, and making provision for oxygen adsorption when 
wansferring samples, we finally conclude that the impuriry 
phase observed on the diamond film surface can be associ- 
ated either with a SiO phase or a silicon oxycarbide phase. 

We have observed a significantly higher concentration of 
silicon and oxygen on the diamond film surface compared to 
the bulk (compare Tables II md III). This supplement of 
impurities most probably sterns from the wall of the reactor 
cube, as a result of the way we end the deposition process. 
High values of impurity concentrations have already been 
found by Bou cr al." Their procedure for turning off the 
discharge was to decrease the methane gas flow before rum- 
ing off the H2 flow, as we did with our samples from Table 
m. We believe that the SiO or Si,O,C, impurity phase ob- 
served at the surface of the diamond film most likely also 
exists in the bulk of the diamond film the oxygen impurities 
originating from the fused silica rube (SO2) when no O1 is 
added to the discharge. It is possible that this contaminated 
modified surface layer moves with the growing diamond film 
during the deposition process. 

IV. CONCLUSION 

We have deposited crystalline diamond films in a newly 
developed microwave plasma reactor based on surface-wave- 
sustained discharges, using H2/C& mixtures. We have sys- 
tematically evaluated the concentrations of impurities in the 
buIk and at the surface of the films using various methods 
(Em-TOF, SIMS. EMA, and XPS), and compared these re- 
sults with the corresponding film quality (Raman spectros- 
copy, SEM) and H-atom gas-phase concentration (OES). We 
have found that the recombination and reaction probability 
of H atoms on surfaces decreases in the following sequence 
for the materials examined: Si > IMO > Sic.  This result cor- 
relates with a high etch rate by hydrogen of the Si(100) sur- 
face. 

We have shown that the main impurity in the films is 
silicon (typically between 0.01 and 0.2 a t  8) which origi- 
nates ftorn the fused silica discharge tube and from the sili- 
con substrate, and it is most probably bonded in the SiO or 
SixOyC: form. Its concentration could be suppressed below 
h e  inswment's detection limit by adding oxygen to the 

J. Appl. Phys., Val. 79, No. 6. 15 March 1996 
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Abstract 

In order to gain insight into the adhesion mechanisms of diamond films. we 

examine Si sltbstrates with three different crystallographic orientations at the var- 

ious stages of the deposition process. This dows  one to distingnish the surface 

phenomena involved in diamond deposition ftom those due to gaseous plasma pro- 

cesses. We h d  that the initial ultrasonic scratching treatment produces partial 

graphitization of the diamond powder and it controls the crystallite size through 

the carbon residues. On the other hand, an increased surface roughness due to 

H-atom etching correlates with increased adhesion. The deposited film adhesion 

is found to increase in the sequence Si(ll1) < Si(ll0) < Si(100), and it increases 

in the same order with nucleation density. 



1. Introduction 

Adhesion of CVD diamond films is an essential feature for fi~ttture applications 

of these coatings. Many works have been devoted to it but, nonetheless, it is 

still an incompletely resolved issue. The term adhesion refers to the interaction 

between the closely contiguous suufaces of adjacent bodies, i.e. a film and a 

substrate in our case. It is defined as the condition in which two suufaces are 

held together by valence forces or by mechanical anchoring, or by both together 

[I]. In this paper, we bring insight into this phenomenon by analysing the results 

obtained when depositing diamond films simudtaneoudy on Si substrates with 

different crystallographic orientations. Lo particular. we examine how adhesion 

correlates with the snbstrate pretreatment and with the hydrogen etching of Si 

in the first moments of nucleation. The results presented were obtained thanks 

to the advantageous and umiqute features of our novel plasma reactor. 

Microwave plasma chemical vapour deposition (CVD) is one of several tech- 

niques developed over the past decade to produce high quality crystalline diamond 

films. In this paper, the diamond films were prepared in a non-conventional 

surface-wave sustained discharge yielding a plasma with a hemispherical shape in 

front of the substrate [2]. Compared to conventional microwave plasma systems, 

this newly designed plasma reactor has some unique featnres. These stem essen- 

tially kom the fact that microwave power is totally absorbed in the plasma. Two 

important consequences of this are: 1) There is no residual microwave power that 

would heat the substrate. The substrate temperature can be adjusted indepen- 



dently of the 

(165 W/cm3) 

over a 2.5 cm 

microwave power in the range from 650 to 1000" C up to 2.5 kW 

into the system. The substrate heating is uniform within & 10 'C 

diameter. 2) There is a strong gradient of microwave electric field, 

V I E I Z 1  across the plasma boundary. This creates a ponderomotive force that 

accelerates both ions and electrons toward the substrate [2]. 

Table I summarizes the properties of silicon crystals according to their plane 

orientations [3]. We note that the entries for a given parameter vary monotoni- 

cally in the sequence Si(100), Si(ll0) and Si(ll1). Si(ll1) provides the highest 

mechanical resistance; the atomic density per unit surface of the plane considered 

is also the largest with Si(lll) ,  a factor 2.3 larger than for Si(lO0). 

2. Experimental 

The system was operated at 2.45GHz with a microwave power of 

900 W (60 W/cm3). Design and operating details concerning the experimental a g  

paratus are described elsewhere [2]. The base pressure of the deposition chamber 

was 2 x l o 6  torr (3 x Pa). The substrate temperature, measured with an opti- 

cal pyrorneter, was set at 900°C, and the total flow rate of hydrogen and methane 

was kept constant at 100 standard cubic centimeters per minute (sccm). These 

gases were premixed before entering the reaction tube, using a 0.5% methane 

concentration in hydrogen. The pressure during diamond deposition was kept at 

15 ton  (2 Wa). 

Silicon substrates with (loo), (1 10) and (1 11) orientations were pretreated 



with a diamond powder suspension (grain size 20-40 pm,) in methanol in an ud- 

trasonic bath. This mechanical pretreatment was kept identical for all substrates. 

The substrate surface mophology and surface chemical reactions in the early 

stages of the film growth are the key factors aEecting the diamond nucleation 

process [4, 51. This in hun controls the initial deposition rate, crystal quality and 

diamond to substrate adhesion. Using a Nanoscope IIIA atomic force microscope 

(AFM), we have successively examined the topog-aphy and surface roughness oE 

1) as-received Si substrates: 3) Si substrates treated only in the ultrasonic bath: 

3) asreceived s~tbstrates submitted to H-atom etching (no C&) ; 4) Si substrates 

pretreated in the ~dtrasonic bath and submitted for 30 minutes to diamond de- 

position conditions. In this last case, scanning electron microscopy (SEM) was 

additionally used to determine the nucleation density and crystallite size using 

an image analyser. Finally, following a 3 hours deposition time leading to 3 p n  

thick films, the cryst a1 qulality was investigated by Raman spectroscopy uing a 

488nm argon ion laser beam. Adhesion of the £ i h s  was evaluated u~ing a Mi- 

cro Scratch-Tester, equipped with a Rockwell C hemispherical diamond stylus 

(200pm. radius). The acoustic signal originating born the scratching of the sty- 

lus over the diamond sruface was monitored: an abrupt increase of this signal 

occurring at a critical load F, corresponds to the diamond film rupture and de- 

lamination. Such a test was repeated five times on each substrate, and an average 

critical load was calculated. The values obtained should be considered as relative 

indications, only an indent at ion met hod providing accurate absolnte values. 



3. Results 

Table I1 shows the AFM resdts for the vario~ls cases described above. We 

note that with as-received substrates, the average roughness % is the lowest 

for Si(ll1) and the highest for Si(ll0). However, once these substrates have 

been either simply mechanically pretreated or etched, or pretreated and exposed 

to diamond deposition conditions for 5 minutes, % is the highest for Si(100) 

and the lowest for Si(ll1). It is noteworthy that the mechanically pretreated 

substrates examined under AFM show the most uniformly distribrlted holes for 

the Si(100) orientation; the biggest holes are fomd on Si(ll0) substrates and are 

unevenly distributed. In contrast, Si substrates submitted to H-atom etching, 

show the biggest holes for Si(100) and the smallest on Si(ll1); the udormity of 

the hole distributtion is comparable for the three Si orientat ions considered. 

Besides topographical modifications, the udt rasonic treatment also provides 

graphitic sites on the Si substrate suufaces. These result from graphitization of the 

diamond powder upon impact on the Si wuface because of the high translational 

energy transferred to the diamond powder grains by the ultrasonic bath [6]. This 

can be seen by Raman spectroscopy meas~u-ements on the pretreated, but yet 

uncoated silicon substrates. The Raman spectra (not shown here) reveal a peak 

at 520 cm-' corresponding to the Si crystalline structure of the silicon substrate, 

and an additional peak at 1575 cm-' originating from the graphitic phase present 

at the substrate surface as a result of the pretreatment [7, 81. The ratio between 

the graphitic and the Si peak intensities (1'575/1520) is reported in Table 111 for 

the three cryst dographic orientations considered. It is the highest for Si(100) 



and the lowest for Si(ll0). 

To get more information on the etching of the Si substrates by hydrogen 

atoms in the first moments of diamond deposition, we examined the role of the 

snbstrate temperatwe Ts. Table N shows that for a fixed exposure time to a 

pure Ha discharge, the higher Ts, the higher %. Table V shows to what extent 

increasing exposure time increases %; the first set of experiments was carried out 

on virgin Si sl~bstrates, while the second set concerned ultrasonically pretreated 

Si snbstrates. In both cases, F& increases faster with time past a 10 minutes 

expos~ue. 

Table I11 also shows the mean values of crystallite size d and nucleation density 

lVD corresponding to the three different silicon orientations. The deposition on 

these three differently oriented substrates was performed simultaneously in the 

same plasma. This complete procedure was repeated four times and the error bar 

is estimated from the standard deviation for the four cycles. The highest iVD and 

d values are observed for the Si(100) substrate. On the Si(ll0) substrate, the iVD 

value is intermediate but d is the smallest, while the Si(ll1) substrate e-xhibits 

the lowest ND and an intermediate d d u e .  

Results of the film adhesion tests on 3 p m  thick diamond films are reported 

in Table I11 [9]. It shows that the normal force applied to the scratching stylts 

leading to the diamond film rupture and delamination (critical load F,) was the 

lowest for the Si(ll1) orientation and the highest for Si(100) substrates. To have 

a closer look at the influence of B-atom etching on the adhesion, we have used 

a large CH4 concentration for the first three minutes of the deposition process: 



the substrate is "saturated" with 5% methane in hydrogen before resetting the 

reglar  0.5% methane concentration. Table VI shows that in all cases & is lower 

with this method, but Fc is also lower. DifEerences are the largest with Si(100) 

substrates and the smallest with Si(ll1) ones. 

Figure 1 presents the Raman spectra of 3pm thick diamond b deposited 

onto Si(lOO), Si(ll0) and Si(l1l) sltbstrates. All three types of samples have 

been deposited simultaneously in the same plasma. They exhibit a sharp peak 

at 1332cm-L originating from the high qnality diamond phase. The fid width 

at half maximum (FWHM) of the diamond peak slightly varies with the sili- 

con orientation. The lowest F W H I  value is observed for the Si(100) substrate 

(6.80 cm-I), the highest one for Si(ll0) (15.12 cm-'), with an intermediate value 

(8.32 cm-I ) for the Si(ll1) surface. Clearly, this line width increases with de- 

creasing crystallite size, as noted earlier by Bolt and Vandenbdcke [lo]. 

4. Discussion 

We first examine the iduence of the ultrasonic scratching treatment of Si 

substrates. The number and dimensions of holes and bumps, which are expressed 

through %, vary as a fimction of the crystallographic orientation (Table 11) in- 

versely as the Si surface hardness (Table I): Si(100), the softest surface, is the 

one most damaged by the ultrasonic impacts of the diamond powder grains. The 

presence of carbon residues on the substrate surface as a resudt of the pretreat- 

ment is known to be the driving force for the growth of diamond crystallites at the 

beginning of the deposition process. Comparing the relative density of graphitic 



sites with d (Table III), we conclude that the crystallite size increases with the 

concentration of graphite. 

From the literature, we know that the etching of silicon in a Hz discharge leads 

to the formation of volatile SiI& as a result of suuface reactions with adsorbed 

H-atoms [11] ; the other main product of desorption is H2 due to H-atom recombi- 

nation, this reaction increasing with stuface temperature [12, 131. A plot of log % 

(related to the etch rate) as a fimction of l/Ts displays an Arrhenius-like behav- 

ior, at least up to 900 OC; this tends to prove that the process is chemistry driven 

as opposed to ion assisted. The slope is negative, implying the existence of an 

activation energy. Turning to  the i d e n c e  of the Si crystallographic orient at ions, 

we have observed that the etch rate (as reflected from the & values) obtained 

in a pure H2 discharge (Table 11) increases in the following sequence: (111) < 

(110)< (100). Similar results have been observed with wet chemical etching: for 

the same orientations, Finne and Klein, for example, found an etch rate ratio 

of 1:10:17 [14]. However, the rate ratios and the sequence of anisotropy can be 

different depending on the chemical solution used [15]. In general, the etch rate 

anisotropy depends on the chemical process involved, on the activation energy 

and on the backbond geometry of the given surface (151. The latter characteristic 

refers to the nnmber of neighboring atoms [16]. During the etching process, in 

the case of (100) planes, only two bonds have to be broken (two are akeady free) 

in order to remove a Si atom. For (1 10) and (1 11) planes, three bonds have to be 

broken to remove an atom from the s~uface. However, for the (110) plane, two 

of the neighboring atoms are in the etch front and are thus more easily attacked 



by the etchant [16], hence the etching sequence that we observe. This analysis in 

terms of the backbond confignration can be completed by considering the atomic 

lattice packing density; for the same three orientations, the snrface density trends 

coincide with the etch rate (see Tables I and VI). We therefore believe that at 

lower nuface density, the H atoms can penetrate more deeply into the lattice and 

benefit from a Longer residence time to react with Si. 

The diamond peak background in the Raman spectnun of £ h s  deposited on 

Si(100) substrates is significantly different from that of the other two configura- 

tions, showing an increase in the backgroumd signal towards higher waven~unbers. 

In a previous paper [17], we showed that this background signal originated from 

a broadband luminescence due to silicon impurities in the diamond film and that 

these impurities came from both the fused silica wall of the reactor and H-atom 

etching of the subdrate during the initial stage of deposition (with subsequent 

diB1sion of these impurities through the film as deposition went on). Since the 

three samples were exposed simultaneously to the same plasma and that lumines- 

cence is relatively small for films deposited on Si(ll0) and Si(ll1) substrates, we 

conclude that the main contribution to Si impurities in diamond films deposited 

on Si(100) arises from etchmg the substrate. This conclusion is supported by our 

AFM measurements (Table 11) which show that etching is most pronounced on 

Si(100) substrates surfaces. 

The results of the micro-scratch analysis correlate in Table III with the nu- 

cleation densities observed for the various silicon orientations, and not with the 

crystal size, suggesting that the larger N D ,  the better the adhesion. Similady 



from Table 11, we find that the higher &, the higher h. Adhesion thus seems 

to increase with the number of defects on the Si substrate that are created by 

the mechanical pretreatment and initial H-at om etching. A fimher experiment 

was csrried out to determine the relative importance, as far a s  film adhesion is 

concerned, of topographical modifications due to the mechanical treatment as 

compared to the H-atom interaction with the surface. For that purpose, we wed 

for the rdtrasonic treatment a very fine diamond powder (0.25pm grain size) 

which is 100 times smaller than the previous one, thereby reducing the pretreat- 

ment contribution on the sabstrate surface roughness. It showed that creating 

smaller defects with the ultrasonic bath did not significantly modify the degree 

of adhesion. It thus looks like the defects created by H-atom etching are those 

that act as anchoring points which ensure adhesion. 

4. Conclusion 

We have obsemed marked differences in the adhesion of diamond filJns de- 

posited on Si substrates with various crystallographic orientations. Care had 

been taken to process the differently oriented substrates simultaneously in the 

plasma reactor. We have shown that adhesion increases with nucleation density 

(not with crystallite size) which, in turn, mainly depends on H-atom etching dur- 

ing the first moments of diamond deposition. It is indeed the defects c a t 4  by 

etching rather than those resulting fkom the initial mechanical treatment that 

ensure the anchoring of the diamond crystallites on the substrate wuface. Hy- 



drogen atom etching of Si in the present experiment is believed to be chemically 

driven, 

The crystallite size has been shown to increase with the graphitic content 

on the substrate s~uface following ultrasonic treament , whereby diamond powder 

grains are graphitized upon impacting on the Si surface. 
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Figures captions 

FIG. 1. Raman spectra of diamond films deposited on differently oriented 

silicon s~~bstrates. 



Table I: Properties of silicon crystal planes [3]. 

Orientation Young's modulus Surface atomic density 
(lolo dydcrn2) (1 0I4/cm2) 

Si(100) 1.3 6.78 
Si(ll0) 1.7 9.59 
Si(ll1) 1.9 15.66 

Table II: Average roughness 5 (m) as determined with an atomic force microscope on Si substrates of different 
crystallographic orientations. 

Orientation Virgin Si 5 min. H-atom etching of 1 hour ultrasonic Ultrasonically treated substrates 
virgin Si (TS=90O0C) scratching on virgin submitted 5 mi.. to deposition 

Si conditions (TS=90O0C) 
Si(100) 0.8 * 0.02 4.9 * 0.2 5.0 zt 0.3 9.9 * 0.2 
Si(ll0) 1.1 1.7 3.5 4.9 
Si(ll1) 0.2 1 .O 1 .O 2.8 

Table III: Relative graphite to Si surface content of mechanically pretreated substrates of different 
orientations as compared to diamond film characteristics. 

Orientation Relative graphite content ND (lo9/ cm2) d (nm) FC 0 
of   retreated substrates 

Table IV : Influence of the substrate temperature Ts on the average roughness & of mechanically pretreated 
Si( 100) substrates submitted for 5 min. to etching by H-atoms (no C&) 



- 

Table V : Influence of H-atom etching time on the average roughness of Si(100) substrates (Ts=9000C, pure H2 
discharge) 

t (min.) Virgin substrates, R, (nm) Ultrasonically pretreated 
substrates, & (MI) 

5 4.9 0.2 9.7 0.2 
10 5.2 10.4 
15 6.3 13.2 

Table VI : Roughness and critical load when using a 5% C& concentration in Hz during the first three minutes 
of deposition as compared to a constant 0.5% C& in H2 thmughout deposition time. 

Orientation Constant 0.5% C& concentration Initial 3 min. at 5% C&, then 0.5% C& 
Ra (m) Fc 0 % Fc 0 

Si( 100) 9.0 f 0.2 15 k 0.9 6.3 f 0.2 9 + 0.9 
Si(ll0) 4.7 7.3 3.4 5.5 
Si(l1l) 2.6 4.6 2.1 4.5 
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ABSTRACT 

We have investigated the operating parameters inflnencing the average ro~tgh- 

ness % of diamond films obtained through chemical vapow deposition (CVD) 

using microwave sustained plasmas. The plasma was provided by a surface-wave 

dischuge in the form of a convex hemisphere facing the substrate and the films 

were deposited on Si(100) substrates. The procedure leading to very low % valnes 

called for high microwave power density absorbed in the plasma and very small 

grain size powder for substrate pretreatment in an ultrasonic bath. Pretreating 

with $0.25 pm diamond grit and operating, for example, with a microwave power 

density of 25 W/cm3 (1.2 k W  total absorbed power) and 0.75% CH4 in a CH4-El2 

mixture. ~ v e  got % = 6 nm for a 1 pm thick film with an average crystallite size of 

50 m. The corresponding nucleation density was remarkably high, at 7 . 5 ~  loLo 
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cm-?: diamond film i soqdity was good and adhesion to the substrate strong. 

Classification: 81.15Gh, 81.20, 52.50Dg 



1. Introduction 

Diamond films can be deposited at reduced gas presstue through various chem- 

ical vapor deposition (CVD) schemes. The method to be i ~ e d  generally depends 

on the intended application. Diamond films are utilized, for example, as protec- 

tive coatings for optical components [I], as membrane for x-ray lithography in 

microelectronics [2, 31 as well as low friction surfaces in mechanical devices [A]. 

A common requirement for these applications is a low average roughness; strong 

adhesion is also an essential feature for many of these coatings. In this article. 

we show how the microwave plasma reactor that we have developed, based on 

surface-wave discharges, can be employed to deposit high quality diamond k s  

with. to o w  knowledge. the lowest average rottghness (Ra zz 4 nm) yet reported 

for conventional microwave plasma systems with comparable diamond isoquality. 

Such low & values are cturently achieved only through smoothing of the sruface 

by, for example, mechanical polishing [5], ion beam erosion [6] or laser ablation 

[7] of the CVD films. We obtain these low Ra values directly on deposited films 

of good diamond isoquality and that adhere strongly to the sttbstrate. 

The new type of microwave plasma reactor that we have introduced last year 

[8] uses the propagation of an electromagnetic surface wave in a non-conventional 

discharge configuration to yield a plasma with a hemispherical convex tip facing 

the s~tbstrate; the deposition technique is thm akin to that of the so-called plasma 

ball reactors. Compared to these conventional microwave systems, a ~mique fea- 

ture of our reactor is that all microwave power is absorbed in the plasma. The 

advantages are then: 1) no residual microwave power to heat the substrate holder; 



as a result, the substrate surface temperature can be set independently and rmi -  

formly with an external heater at  temperatures as low as 650°C with as much 

as 165 w/cm3 absorbed in the plasma (= 2.5 kW in the system); 2) a strong 

gradient of microwave electric field intensity across the plasma bolmdary. v I E 12. 

which creates a ponderomotive force [9]. This force accelerates ontwardly both 

electrons and ions; 3) the possibility of achieving higher density of absorbed mi- 

crowave power in the plasma, a few times more than in conventional systems. 

which leads to higher densities of "active" species; 4) a finer and more easily 

reproducible tuning of the deposition conditions. namely the plasma to s~tbstrate 

distance, the degree of coverage of the substrate by* the plasma and the level of 

microwave power absorbed in the plasma. Details concerning the operation and 

characterization of this new plasma reactor can be found elsewhere [8. 10, 111. 

In a more recent paper [12], we have investigated the respecthve idhence npon 

adhesion, of the substrate pretreatment with diamond powder and of the hydro- 

gen atom etching of the Si substrate (in the first moments of diamond deposition). 

We showed that adhesion relies mostly on the defects caused by H-atom etching 

while the cryst alhtes grow from the non-diamond phase carbon residues resulting 

from graphitization of the diamond powder d~tring the dtrasonic pretreatment. 

In the present paper, our goal is to identify the operating parameters acting on 

& and determine their best values t o  achieve the lo~es t  R, value while. at the 

same time, ensluing good isoquaiiv of the films and strong adhesion of them to 

the substrate. 



2. Experiment a1 

The diamond films were prepared in a microwave plasma using a surface-wave 

sustained dischaxge at 2.45 GHz with a microwave power density in the range of 

25 to 130 W/cm3. Note that we state power density, not total absorbed power, 

to characterize the CVD process; power density, for a given absorbed microwave 

power horn the generator. depends on the diameter of the plasma hemisphere. 

which can be adjusted according to the area of the substrate to be processed. 

This possibility is illustrated in Fig. 1 which shows two configurations of the 

reactor chamber. In both cases, the tube on which the field applicator launches 

the surface wave is small enough (25 mm i-d. at 2.45 GHz) to ensure excitation 

of the wave in the aziml~thally symmetric mode [l3]. Such a sj-mrnetry with 

respect to the tube axis is reqrtired to obtain azimuthal uniformity of the plasma 

hemisphere, hence of the deposited films. The transition to the larger diameter 

trtbe. which encloses the substrate holder, mulst be abn~pt enongh so the surface 

wave does not propagate into this larger tube to fill it radially with plasma: the 

wave field in this tube past the transition is then evanescent, yielding the plasma 

hemisphere shown in the figure. The distance of the plasma hemisphere tip to 

the substrate is critical: when it is too small, i.e. when the plasma hemisphere 

is flatten by the snbstrate, we get a low nucleation density, mediocre uniformity, 

large crystallites (high %) and poor diamond isoqttality whereas, when too far 

away, the nucleation density is again low, uniformity is good, crystallites are small 

(low Ra) but diamond isoquality is poor. The best distance is approximately 1 

mm horn the tip [lo]. The plasma volrune estimation used in determining power 



density is accurate within f 20%. Further details concerning the experimental 

apparatus can be found in Ref. [8, 101. 

The substrate temperature T,, memued by an optical pqrometer, was set 

between 850 and 950°C, and the methane concentration was taried between 0.5 

and 1.5 % of the H2-C& gas mixture, with a flow of 100 standard cubic cen- 

timeters per minute; the gases were premixed before entering the reaction tube 

and the pressure set at l0ton. Si(lM)) samples of 1 cm2 were submitted. prior to 

deposition: for i) 60 minutes to ultrasonic impacts from, alternatively. 20- 4Opm. 

8 - 16pm and 5 0.25pm diameter diamond particles immersed in hexane and ii) 

afterwards ultrasonically cleaned in methanol for 15 minutes. In all experiments. 

deposition time was 2 hours. 

The morphology of the samples was examined with a 4.5 rn resolution scan- 

uing electron microscope (SEAI). Atomic force microscope (AFXI) pict~ues were 

taken with a Nanoscope IIIA (Digital Instnunents); stuface morphologv of these 

tilms was visudized at a constant force (IO-~N) with microfabricated monocrys- 

talline Si tips. The AFM pictures obtained were representative of a number of 

images taken for each sample with different tips. The nucleation density and the 

crystallite size were estimated from a 1 pm by 1 p m  region on AFM images and 

confirmed throngh SEM pictures, both these qnantities referring to a substrate 

submitted for 30 minutes to deposition conditions. The diamond isoqi~ality of 

1 pm thick films was evaluated by macro-Raman spectroscopy in a backscatter- 

ing conQp~ation using an argon laser at 488 nm. 

The X-ray photoelectron spectra (XPS) were recorded with a VG ESCALAB 



hMI spectrometer. The X P S  measuuements were performed with a non- 

monochromatized MgKO source (hY=1253.6 eV) and with a spectrometer pass 

energy of 20eV resulting in an energy resolution of about O.8eV. The energy 

calibration of the core levels was performed with a gold reference sample, set- 

ting the Au 4f; binding energy at 84.OeV. Some of the recorded spectra were 

energy-shift ed in order to cornpensat e for the charging effects. 

3. Results 

3.1 Inflvence of the diamond powder p i n  size 

It is well known that the s~tbstrate on which diamond films are to be de- 

posit ed requires some preparation to enhance diamond nncleat ion and to obtain 

a continuons 6l.m of high quality; abrasive diamond powders are used in variou~ 

ways for this purpose [I, 141. Recent reports (151 have indicated that the nu- 

cleation density enhancement following substrate pretreatment with micron size 

powder in an ultrasonic bath codd be related to  three specific mechanisms: i) 

the creation of topological defects (pits) in the surface; ii) the added presence of 

hybridated (sp2) carbon seeds: in an ultrasonic bath. this follows from graphiti- 

zation of the diamond powder and decomposition of the suspension liquid. which 

liberates carbon compounds; iii) the added presence of diamond particle seeds. 

Our substrate preparation technique excludes the existence of mechanism (iii): 

any loose diamond powder remaining on the substrate after the &st ultrasonic 

bath is removed from it by a subsequent ultrasonic puue mathanol bath. In this 

article, we consider the influence of the grit size used in the sutbstrate preparation, 



employing the three sizes of powder grain mentioned above. 

AFM analysis of the substrate immediately after the surface pretreatment (in- 

cluding rinsing) shows that the s 0.25 pm powder yields a dense distribution of 

smaller defects, on the average approximately 17nm in size, while the 20 - 40 prn 

powder leads to defects 330 nm in size; both these sets of defects are non~lniformly 

distribtded over the surface, as illustrated in Fig. 2. Table I shows that the grit 

size used for the ~~ltrasonic pretreatment strongly affects the nucleat ion density. 

crystallite size and film ronghness: for given deposition conditions, decreasing the 

pretreatment grit size increases nucleation density Nd, while it decreases c m t  al- 

Lite size d and rol~ghness, a previonsly known resudt [I]. Raman analysis of the 

samples obtained with these three sets of diamond gains indicates good qtliility 

of a.Il these films, as shown in Fig. 3. We find the diamond peak to be at 1332 & 

1 ~ r n - ~ ,  which means that the shift. if any, is small, implying a low stress film. 

We also observed that adhesion does not vary sigruficantly with the grit size 

used for pretreatment, hence with the size of the defects created by it. Thls 

result was obtained using a micmscratch tester and determining the critical load 

F, leading to the film rupture and delamination. The corresponding data is 

shown in Table I. These results agree with our previous analysis which suggested 

that H-atom etching in the first moments of deposition conditions. not ultrasonic 

scratching, is responsible for adhesion on Si substrates [El. 

9.2 I m e n c e  of the ultrasonic bath liquids 

-Hexane vs. methanol in the first bath 



The above resudts have been obtained with hexane as the diamond powder 

suspension liquid in the first ultrasonic bath; methanol was subsequently used 

to rinse ~dtrasonically the substrate surface and remove any " loose" grit. When 

methanol is used instead in the first bath, the defects caused on the Si srrbstrates 

by ultrasonic impact of a given size grit are not sensibly Werent, as can be 

seen in Table I1 by comparing the % values of ultrasonically treated (2 baths) 

substrates prior to deposition. However, for a given grain size with methanol in 

the &st bath, the value of Nd is systematically lower but, most importantly. d is 

larger, which implies larger Ra values on deposited films. 

Photoelectron spectroscopy was performed on idtrasonically treated brut yet 

uncoated sutbstrates in order to obtain informat ion about the chemical bodings 

on the silicon suvface after the pretreatment proceduue. Figure 4 shows the Si2p 

core levels of two samples respectively pretreated wing methanol and hesane as 

the diamond powder suspension liquid (20 - 40pm diamond powder). The crimes 

are normalized to the same peak height. The peak at 99.4 eV binding energy 

(peak a) is related to Si while the second peak (peak b) at 103.4eV originates 

from the native SiOz layer. The intensity built-up between peak a and b indi- 

cates the existence of distinct reactions with the substrate surface (for example 

the formation of a Si,-0,-C,H, phase [16]) depending on the suspension liquid 

used. Figtue 5 displays Cls core level spectra of silicon substrates pretreated 

with different powder gain sizes using either methanol or hexane as su~spension 

liquud, and subsequently udtrasonically rinsed in methanol. The intensity ratio 

of peak B to  peak A (rsiA) strongly depends on the diamond powder size when 



using methanol as suspension liquid (rsIa = 0.4 and 0.2 for powder grain size 

of 20 - 4Opm and 5 0.25pm, respectively), while pretreating in hexane does not 

sigdicantly idhence the intensity ratio of these peaks (rsIa = 0.2). 

The Cls core levels consist of three peaks located at 285.4 f 1 eV (peak A), 

287.0 3~ 1 eV (peak B) and 289.4 f 1 eV (peak C). The binding energy of peak C is 

close to the value obtained from CH3COOH [I?]. Su~ch a phase is formed at the Si 

surface during exposrue to methanol in the ultrasonic bath. The binding energy 

of peak A is significantly higher than the value typical for C-C or C-H bonding 

(284.6eV) [18, 191 and lower than the bin- energy of methanol (H3-C-OH) 

(286.6 eV) [ZO]; recalling that the Cls core level of ethanol (H3-C-CHrOH) is 

located at 286.3 eV [I?'], we conclude that increasing the number of carbon atoms 

in H-(CH2),-OH molecudes decreases the binding energy. Therefore, we attribute 

peak A (285.4eV) to a partially oxidized carbon phase (C,-OH) resdting horn 

the use of methanol as the powder suspension liquid. The assignment of peak B is 

not straightforward. The strong dependence of the intensity ratio upon grit size 

when the diamond powder is dispersed in methanol suggests that this alcohol 

reacts with the silicon s~uface, forming a Siw-0,-C,H, phase at the mbstrate 

surface. The reaction seems to  be activated by diamond powder particle impacts 

[Zl]: the larger the diamond grains, the more energy is transmitted to the silicon 

surface and the higher the ratio between peaks B and A. The formation of snch 

a Si based phase is supported by the fact that the intensity built-up between 100 

and 102 eV in the Si2p core line spectra (Fig. 4) is indeed larger njth methanol 

as the suspension bath [16]. 



- Ultrasonic removal of diamond powder left from the first bath 

Note that in contrast to  Anger et aL [I51 scheme, our preparation method 

includes a subsequent ldtrasonic cleaning which removes most diamond particles 

kom the substrate stuface, as shown by SEM and AFM (we cannot however ex- 

clude the possibility that some pits be 6lled with diamond particles) [Z]. Without 

the cleaning proced~ue, the diamond grains remain on the substrate surface and 

are expected to lead to larger & values on the deposited films. 

3.3 Influence of the C& content 

It is well known that the roughness of deposited films decreases with increas- 

ing CH4 percentage in the &CH4 gas mixture, as shown in Table 111. We note 

that the grit size influence is more important than the variation of the CH4 con- 

centration: whatever the CH4 percentage. the lowest Ra value is always obtained 

with the smallest size grain. Recall that increasing the methane concentration 

reduces the diamond film isoq11al.i ty. 

3.4 Inflvence of micmwave power density in the plasma 

In previous experiments [8, 101, we have reported that Ra decreases sign& 

cantly when increasing the density of microwave power absorbed in the plasma. 

Table IV shows such kind of data for the smaller and larger grit sizes. It is note- 

worthy that with 59 W/cm3 absorbed power (2.8 kW in configuration I) and for 

5 0.25 p m  powder, we have R, = 4 nm. As far as we know, this is the smallest 

% value yet reported for films with good diamond isoquality. 



A further series of experiments were conducted with the reactor in configtua- 

tion I1 (Fig. Ib) which, for a given absorbed microwave power, yields a higher 

power density II than configuration I: to achieve 25 W/cm3, we only need 380 

W while con6guration I required 1.2 k W  absorbed power. The rest of the o p  

erating conditions were somehow different horn those of Table TV above: T, = 

950°C instead of 850" and CH4% = 0.5 instead of 0.75. We have used 20 - 40 pm 

diamond powder and methanol as the powder suapension liquid for the pretreat- 

ment. Figure 6 shows crystallite size d as a fimction of 11. It decreases relatively 

slowly with increasing II at low power densities, but rapidly past approximately 

100 W / c d  Figtae 7 shows that the decrease of Ra with II is also higher at large 

II values, reflecting the decrease of the crystalleite size in Fig. 6. We get % = 6 

an at II = 131 W/cm3 (20 - 40 p m  powder). The observed decrease of & and 

d with II leads us to believe that still smaller d and % values could be obtained 

by going to higher power densities. 

3.5 Influence of the crystallographic on'entation of S2 sv bstmtes 

In a previous publication [12], we have shown that the crystallographic orien- 

tation of silicon srtbstrates strongly influences the deposition process. In partial- 

Iar, the % valne of deposited films increases in the sequence Si(l1l) < Si(ll0) < 

Si(lOO), as shown in Table V. Thus one can turn to Si(ll1) substrates to reduce 

roughness, but at the expense of a lower adhesion, as also shown in Table V. 

4. Discussion 

The defects created by impact of the diamond particles on the substrate sur- 



face during the pretreatment phase result £kom cavitation phenomena in the bath 

Liquud. S m d  bubbles are formed that expand and suddenly collapse under the ef- 

fect of the ultrasonic oscillations; the energy released born the collapse is enough 

to accelerate diamond particles (211. Smaller particles create smaller defects of 

higher density. Also, this collapse process may induce a local heating to temper- 

atuues as high as 5000 K [21]. Such high temperatures are sufficient to graphitize 

diamond and dissociate the hexane or methanol molecules and generate disor- 

dered carbon seeds in the impact induced defects on the surface [23. 241. These 

disordered carbon seeds may later transform into sP3 carbon entities on the sur- 

face during the first stages of deposition [25, 261. Thus. during the rdtrasonic 

treatment with diamond powder. both amorphous and crystallized carbon seeds 

can be incorporated into surface defects. 

The increase of ND and the correlative decrease of % with decreasing grit 

size has already been reported. For example, Erz et al. [I] used 3 ,urn to 10 

nm diamond powders to pretreat fimed silica surfaces, subsequently cleaned in 

an ultrasonic acetone bath. The largest ND value, 3 x 10'' mdei/cm2, and the 

lowest & value, 20 nm, were obtained with the smallest grit size. This 

achieved with a remote plasma from a resonant cavity system: 550 W absorbed 

in the system, p = 38 tom, 2% CH4 a d  1% Oz in an Hz-CH4-O2 mixture. The 

diamond film isoquality (T. = 830°C) was low. Makita et al. [27] turned to 

5 nm grit size for Si substrate pretreatment, removing "loose" diamond grit by 

centrifi~gation. Operating conditions were: p = 38 tom, Ts = 950 - 980°C and 

absorbed microwave power 275 W with CO as the souuce gas. They claim ND 



va.htes of more than 5 x 10" cm-2 and a continuouls diamond film. There is no 

indication about % and diamond isoqpality are given. 

The formation of a SL-0,-C,H, phase on the pretreated Si substrates, which 

is more Gportant when pretreating with methanol (Fig. 4, seems to slightly 

hinder the initial diamond nucleation process since lower ND values are obtained 

in this case compared to the case of an hexane bath. The presence of oxygen 

in this phase during the fist moments of deposition could be responsible for the 

lower ND values and the larger d d u e s  foumd with methanol. 

Besides the pretreatment grit size, the level of microwave power density in the 

plasma is the other decisive parameter to achieve low % valnes. For a given ab- 

sorbed microwave power in the plasma, our reactor enables one to work at higher 

power densities than people using conventional microwave plasma reactors: in 

reactor configuration 11, we get 52 W/crn3 compared with 30 W/cm3 for 800 W 

absorbed power in a resonant cavity [28,29] while we can get 66 W/crn%ompared 

to 15 w/cm3 at 1000 W absorbed power in a bell jar system [30. 31. In addi- 

tion, we can operate at higher absolute values of microwave power density (165 

w/cm3 demonstrated) than with conventional microwave plasma systems (with- 

out affecting the substrate holder temperature with residud microwave heating). 

The maxim~urt microwave power that we used was 3 kW, the maximum power of 

olu generator. We see no reasons in principle why we codd not operate at higher 

power levels. 

To illustrate the influence of microwave power density, we compare with pnb- 

lished results. For example, Anger et al. [Is], using 45 pm diamond grit, T, = 



850°C. 1% C& in a C&-H2 mixhue, p = 19 tom, and 9 W/cm3 (600 W), find 

% = 30 n m  (% and % are slightly different methods of evaiuating the average 

stdace roughness; as a nde, % is slighty lazger than %) while we get & = 13 

nm at 25 W/cm3 using 20 - 40 pm diamond grit under comparable (except p = 

10 tom in our case) operating conditions. 

The advantage of using high power densities seems to stem from a higher elec- 

tron density, hence a higher density of reactive species (mainly formed thro~gh 

electron collisions), such as hydrogen atoms. Two points shoudd be underlined: i) 

In the presence of hydrogen atoms, diamond crystals nucleate copioulsly. Atomic 

hydrogen reacts with and covers the slvface of small diamond nuclei and dras- 

t i cdy  reduces their s~uface energy. This reduction in suuface energy. in turn, 

decreases the critical nu~cleus size to only a few atoms [31]. The rnunber of sites 

where deposition occurs should thus increase wi th  hydrogen atom concentrat ion. 

hence with microwave power density. This results in small crystallites and high 

rntcleation densities; ii) an increased concentration of hydrogen atoms reduces 

the presence of graphite precursors [31]. This might e.xplain why we obtain good 

diamond isoquality even though the number of grain boundaries increases sig- 

nificantly with the decrease of the crystallite size. It seems that in conventional 

microwave plasma deposition systems, reducing crystallite size generally increases 

the presence of graphitic sites at the grain boundaries, thus reducing diamond 

isoqualiw, in contrast to what we observe. 

There are experimental reports of nucleation density enhancement due to 

energetic ions bombarding the substrate surface; these ions are accelerated by 



biasing negatively the sllsceptor with respect to plasma [32]. In our experiments, 

we have no external biasing but ions could be accelerated by the ponderomotive 

force existing at the plasma hemisphere boundary. However, we have not made 

any measurement of the ion energy distribution fimction; the beneficial effect of 

ion bombardment due to the ponderornotive force from surface-wave plasmas has 

been demonstrated in experiments on polymer deposition [33], but at  much lower 

pressures (0.1 - 0.4 ton). Ln the present case, at 10 torrs, the ion mean free path 

betwen collisions is much lower. Considering collisions of the dominant hydrogen 

ions, H3+ [34] with HZ molecules in a gas at 1500 K, we estimate the mean free 

path for thermal ions to be 0.05 mm; however, in the same conditions brtt with 

energetic ions, say of 10 eV energy, we find a mean fiee path of approximately 

0.4 mm. This short mean free path (before the ion loses its energy) codd possi- 

bly explain the critical positioning of the plasma hemisphere with respect to the 

substrate as far as achieving good diamond isoquality is concerned. We h d  this 

postion to be 1 f 0.5 mm above the sttbstrate. 

5. Conclusion 

We have investigated a series of parameters infiuenciug the average roughness 

Ra of 1 pm thick diamond films deposited through CVD in a microwave plasma 

reactor. We have obtained & values as low as 4 nm by using 5 0.25 prn diamond 

grit and opreating at 59 W/cm"crowave absorbed power. These valnes appear 

to be the lowest ever reported with resonant cavity and bell jar systems that 



field good diamond isoquality of the deposited films; still lower % values are 

expected at higher power densities, became of larger densities of active species. 

These films also show little mechanical stress and adhere well to Si substrates. 

We believe that these novel results are to be attributed to the peculiar char- 

acteristics of oru wuface-wave based plasma reactor, namely that: i) no residrd 

microwave power goes into heating the substrate and the growing film; miform 

heating of the substrate is achieved by external means; ii) precise and highly 

reproducible positioning of the substrate with respect to the plasma hemisphere 

convex boundary, but most importantly. iii) high microwave power density real- 

ized by reducing the diameter of the plasma hemisphere, which faces the sub- 

strate, and increasing the total absorbed microwave power (demonstrated up to 

3 kW). 
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Figure captions 

Fig. 1. Sketch of the reactor tube configuration showing how the diameter of 

the plasma hemisphere facing the substrate can be adapted to cover the substrate 

area: configuration I (a) and confignration I1 (b) . For a given total absorbed mi- 

crowave power, power density is higher with configuration 11. The field applicator 

represented is a waveguide-surfatron wave launcher [35]. 

Fig. 2. Atomic force microscope recording showing that the smaller the grain 

size. the narrower and the deeper the holes created by ultrasonic impacts. Dia- 

mond grit sizes $ 0.25pm (a), 8 - 16 pm (b) and 20 - 40 pm (c). 

Fig. 3. Raman spectra of the diamond films deposited on substrates pretreated 

with diamond powders of three different sizes ($ 0.25pm (a) 8 - 26 pm (b) and 

20 - 40 pm (c)), followed by ultrasonic "cleaning" in methanol. 

Fig. 4. XPS Si2p core level spectra of silicon substrates ultrasonically pre- 

treated in either methanol or hexane as the powder suspension liquid (20 - 40 pm 

diamond powder). 

Fig. 5. XPS Cls core level spectra of silicon samples pretreated with different 

powder grain sizes using either methanol or hexane as the powder suspension 

liquid. 



Fig. 6. Average crystallite size of a 1 pm thick film as a function of power 

demity absorbed in the plasma. The data points can be fitted with two straight 

lines. Operating conditions: reactor in confignration 11, Ts = 950 OC. %CH4 = 

0.5, p = 10 tom, 20 - 40 pm diamond powder using methanol as  the mspension 

liquid. 

Fig. 7. Average roughness over a 1 ,urn thick 6hn as a fimction of power density 

in the plasma. The data points have been fitted with two straight lines to try 

matching with the behavior of crystallite size with power density in Fig. 6. Same 

operating conditions as in Fig. 6.  



Table I : Influence of diamond grit size on the silicon substrate surface defects after ultrasonic 
pretreatment ; on nucleation density and crystaUite size ; on average roughness and critical load 
for rupture and delamination of a 1 p thick deposit. Operating conditions : 25 w/cm3 (1.2 kW), 
0.75% C&, Ts = 850 OC, p =I0 tom, hexane as diamond grit suspension liquid. 

Powder grain Defect No d R a  FC 
size average (cm") (nm) (m) (N) 
( P a  size (nm) 
r 0.25 17k1.6 7.5~10~~*100/o 50f3 6.2 a 0.2 13.1 f 0.9 

Tabie 11 : Influence of the nature of  the diamond powder suspension liquid used for ultrasonic 
pretreatment of the silicon substrates upon substrate surface roughness prior to deposition, on 
crystallite size and nucleation density. Operating conditions : 25 w/cm3 (1.2 kW), 0.75% C&, 
Ts = 850 OC, p = 10 ton, hexane as diamond grit suspension liquid. 

Methanol Hexane 
Powder grain k d ND & d ND 

size (p) (=I (nm) (~rn-~)  (nm) (m) (cm-?) 
1 0.25 2.4 k 0.2 100 2 x 1 0 ' ~  2.7k0.2 50 7.5 x 10I0 

Table IU : Influence of C& concentration in the H2-C& mixture. Operating conditions : 25 
w/cm3 (1.2 kW), 0.75% C&, Ts = 850 OC, p = 10 ton, hexane as suspension liquid. 



Table IV : Innuence of microwave power density in plasma on average roughness of 1 pm thick 
films. Operating conditions : 0.75% C&, Ts = 850 O C, p = 10 ton, hexane as diamond grit 
suspension liquid, reactor in configuration I. 

Table V : Average roughness and critical load for rupture and delamination of a 1 p thick film 
as a hct ion of Si orientation. Operating conditions : 59 w/cm3, 0.5% C&, Ts = 850°C, p = 10 
tom, 20-40 jm powder, methanol as diamond grit suspension liquid [12]. 

Orientation % (m) FC (nm) 
Si(100) 9 * 0.2 IS * 0.9 
Si ( l l0)  4.7 7.3 
S i ( l l l1  2.6 4.6 



Fig. 1. Sketch of the reactoi tube ccafigurztion shor.f& hov: the dizneter of 

tLe plasma hemisphere facing the substrate can be adapted to cover the subrate 

area: configuration I (a) and configuration 11 (b). For a given total absorbed mi- 

crowave power, power density is higher with configuration II. The field applicaior 

represented is a waVeguid+surf~on wave launcher [35]. 



Fi 2. Atomic force rni~.~scope recording sh&g that the smaller the grain 

size. the narrower aad the deeper the holes created by ~dtrasonic impacts. Dia- 

mond grit sizes 5 0.25pm (a), 8 - 16 pm (b) sod 20 - U) pm (c). 
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Fig. 3. Raman spectra of the diamond films deposited on substrates pretreated 

with diamond powders of three different sizes (s 0.25- (a), 8 - 26 pm (b) and 

'10 - 40 urn (c )  ) . followed bv ultrasonic " cleaning$' in methanol. 
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Fig 5. ZCPS Cls core level spectra of adicon sampIes pretreated aith Merent 

p d e r  grain sizes wing either methanoi or hexane as the suspension Iic@i. 
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Fig.6. Average crynallite size of a 1 pm thick film as a b c t i o n  of power 

density absorbed in the plasma The data points can be &red with two straight 

lines. Operating conditions: reactor in coQguation U T, = 950 O C  %C& = 

0.5. p = 10 tom. 20 - 40 ~ x n  diamond powder using methanol as the =suspension 

liquid. 
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Chapter 7 

Conclusion g6n6rale 

Les travaux pr6sentPs dans cette these avaient pour but dYtudier divers aspects du ddpBt 

de couches minces de cliamant par chimie en phase gazeuse (CPG) assistCe par un plasma 

de micro-ondes produit par une onde de surface &lectromagnCtique. Cette activite s'est 

inserge dans un thkrne de recherche plus vaste au sein du groupe de physique des plasma 

de 1'UniversitC de Montreal. qui vise i con tde r  et B Ptudier le depBt par CPG classique 

et CPG assistee par un plasma produit par une onde de surface. de couches de mat6riaux 

ultra-durs ou de protections vari6es (e.g. nitruration) en vue d'applications industrielles. 

Dam un premier temps, nous nous somrnes particulikrement attachks i ddiveloper 

et mettre au point un nouveau type de r6acteur B onde de surface pour le d6p6t de 

couches minces de diamant (cbapitre 2). Nous avons ensuite port6 notre attention sur la 

maitrise des conditions operatoires et sur une bonne connaissance des caractkristiques des 

couches de diamant ainsi r6alisies. Cette Ctude nous a conduit B un contrble rigoureux 

de la puissance micro-onde absorb& (exprim6e en densitd de puissance). de la vitesse 

de croissance de la couche et de la tempkrature du porte-substrat pour cornparer avec 

les r6suitats publies obtenus B partir de systkmes de type cloche i vide (bell-jar) o u  B 

cavit6 rbonnante. Nous avons v6rifi6 que la puissance absorbee dans notre kacteur est. 

d'une part, totalement d4pens6e dam le plasma H la diff6rence des systkmes "cloche a 

vide" et & cavitg rQonante et, d'autre part, que nous pouvions rCaliser des densites de 

puissance plus Clevees pour des puissances incidentes dans le rkacteur cornparables i cells  

de ces mgmes systPmes. La caractiristique peut-Btre la plus importante de notre rkacteur 

concerne le dPcouplage cle la tempCrature Ts du porte-substrat d'avec la puissance micro- 

onde incidente: dans cette nouvelle configuration de rkacteur, il n'est point besoin de 
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refroidir le porte-substrat pour travaiIler dans la g a m e  600 5 Ts $1000 O C .  Nous avons 

aussi observ6 que la rugositd des couches de diamant dbcroit lorsqu'on augmente la densit6 

de la puissance micro-onde dans le plasma. Cette possibilite de  r6aliser des rugositk plus 

faibles que dam les r6acteurs dhjh existants de mGme qu'une meilleure adherence sur 

des substrats mt5talIiques (rCsultats non pr6sentes dam cette thbse parce qu'il y a une 

demande de brevet en instance) semblent l i k  au fait que dans notre rkacteur le substrat 

n'est pas chauffc5 par les micro-ondes. Lorsqu'il y a chauffage micro-onde du substrat, 

il y a gen6ralernent variation locale de T, mais i1 pourrait aussi exister une temperature 

superficielle plus grande que celle aEch6e par le pyromktre optique pour l'ensemble du 

volume du substrat. d'ot des conditions de d&p& differentes suivant la variation de T, 

H travers le substrat'. Enfin, la force pond6romotrice en I V E  I* qui ac6ll.re les ions au 

sortir de l'hkmisphere de plasma pourrait aussi Btre responsable de ces bonnes propriPt6s. 

Des articles t r k  r&ents2 montrent en effet l'action b6nkfique d'une accCl6ration des ions 

par polarisat ion du suhst rat. 

Le chapitre I11 nous a conduit B une itude paramdtrique des propri&Cs des couches 

diamant (qualiti de la couche. taux de croissance. densite de nucl6ation et taille des 

cristaux) et du plasma (concentration en atomes d'hydrogbne et temperature du gaz dans 

la couche thermique limite au-dessus du porte-substrat) en fonction de la concentration de 

mCthane et d'oxyg5ne. de la position du substrat et de  sa tempbrat ore. de la pression du  

gaz, et de la densite de puissance micro-onde absorb6e par le plasma. Nous avons trouvP 

que le taux de croissance est maximum pour T' = 930 O C :  it une pression de 1.5 tom. Yous 

avons n6anmoins obtenu des couches diamant avec des cristaux bien facet& et avec de 

d6fauts minimes dans un intervale de Ts plus large, 870-930 OC, et avec une concentration 

de mkthane s'ktendant de 0.25 B 1.50%. 

Nous avons ensuite effectui (chapitre IV) une dtude rigoureuse de la contamination 

en siliciurn des couches diamant. Une panoplie de diagnostics a CtP mise en oeuvre B 

cette fin (ERD-TOF. Elf-A. SIMS et XPS) et cette anaiyse a CtP compar6e aa spectre 

Raman des divers echantillon examinks. Nous avons montre que la concentration des 

'Brevet: Stefan Feistritzer: Johann Kanz; Wilfried Schintirneister, l i S  Patent Number:.'i.415.674 (16 
Mai 1995) 

?J. Robertson, J Gerber. S. Sattel. M. Weiler, K. Jung, and El. Ehrhardt; Appl. Phys. Lett. 66 (24). 
12 June 1995 



impuretb de Si 6tait plus 6levGe sur un substrat de silicium pur que sur un substrat de 

silicium recouvert d'une mince couche de Sic. D'une fason g&n&rale. nous avons constat6 

que cette contamination venait de l'attaque par les atomes d7hydrog&ne du substrat (sans 

couche de S ic)  et  des parois du tube H dkcharge. La concentration en irnpuretb de Si 

mesuree est de l'ordre de 0.01% et 0.2% at. Une faqon de rMuire leur teneur est l'addit ion 

d'oxygene pendant le processus de d6p6t: I'addition d'oxyglne passive la paroi du tube 

b dicharge mais neutralise aussi les atomes de Si qui provienennt du substrat sous la 

forme Si,O, (z. y= 1 .%.3....). Finalement, on a constatd que l'ajout d'oxygene lorsque le 

substrat a CtC recouvert d'une mince couche de SiC augmentait plut6t la concentration 

de silicium dam la couche diamant. Une i tude plus approfondie est necessaire pour 

cornprendre ce mecanisme de contamination. Enfin. nous avons mis en Pvidence que la 

prksence d'impuretks de silicium causait la fluorescence observh sous forme de bruit de 

fond autour du spectre Raman de la raie diamant. La spectroscopie Raman est dans ce 

cas une methode simple pour contrder la presence de ces impuretes. 

Le chapit re V a prdsente une Ptude systdrnatique des premiers instants de la croissance 

du diarnant dans un plasma micro-onde. Pour cette ktude, nous avons eu recours a 

la microscopic k balayage dectronique (MEB), au microscope b force atornique et B la 

spectroscopie Raman. Nous avons montrP que la densit6 de nucleation. la taille des 

cristaux, la qualit6 et l'adhirence de la couche diamant sur le substrat dkpendaient de 

l'orientation cristalline du substrat de silicium. La diffhrence de densit6 de nuclt5ation 

entre le Si(100). le Si( l l1)  et le Si(l l0) peut Gtre expliqu6e par la contribution de deux 

effets: la topographie de surface des diffkntes orientations cristallines et la gravure 

prbferentielle par l'hydrogene atornique de la surface le plus accidentke (Si(100)). Ce 

processus de gravure augmente en effet la distribution de defauts de surface. dont on sait 

qui ils favorisent la densit6 de nucikation. Cette augmentation de la nucleation favorise 

lTadhPrence du dkp6t a u  substrat. Par ailieurs, les dkfauts cr66 par le pretraitement 

par ultra-sons favorisent l'augmentation de la taille des cristaux mais ne semblent pas 

intervenir dans le mecanisme d'adherence. 

k la suite de lTanalyse de ces r6suitats concernant le pr&raitment, nous avons effect& 

(chapitre VI) une etude approfondie de 17influence de la taille des cristaux de la poudre 

diamant du pretraitement sur la densite de nuckation, sur la taille des cristaux et sur la 
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rugositC de la couche diamant. Nous avons observe une forte augmentation de la densite de 

nucl6ation lorsque le diamktre rnoyen de la poudre diminue jusqu'iO.25pm. Par contre. la 

taille des cristaux et la rugosit6 moyenne dgcroissent lorsque la tailIe de la poudre diamant 

du prktraitement diminue. De cette faqon, nous avons montr6 que la rugositC des couches 

diamant dipendait fortement du pr6traitement du substrat mais aussi de la densit6 de 

puissance absorb& dans le plasma. 

Cette t h h e  aura donc perrnis de proposer b la communautd scientifique un nouveau 

type de rCacteur B plasma pour le d6p6t de couches diamant . Ce nouveau rtiacteur est non 

seulement original mais i l  possede des propriites remarquables qui, d'une part. nous ont 

permis de progresser d a m  la connaissance des m6canismes de prgtraitement et de dip6t 

des couches diamant par CPG et qui. d'autre part, autorisent d'envisager La labricat ion 

de couches diamant de haute qualit4 pour le rev6tement de divers materiaux, notarnment 

dam le domaine des outils de coupe. Ces travaux rn6ritent d'itre poursuivis. par exemple. 

par une modelisat ion elect romagdtique du plasma hdrnispherique. Par ailleurs. des Pt  udes 

ont commend en vue de la realisation d'un reacteur fonctionnant B 915 MHz pour pouvoir 

recouvrir des substrats de plus grande surface. Enfin. des efforts sont d6jB en cows dans 

Le cadre d'une subvention s tratdgique pour apporter notre concours au diveloppement 

industriel de ce procPdP. 
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